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The remarkable properties of graphene and molybdenum disulfide (MoS2) 
have made them attractive materials for next-generation optoelectronic devices. 
In both natural and synthetic two-dimensional (2D) materials, structural 
imperfections will inevitably exist, which affect strongly their physical and 
chemical properties. Understanding these structural imperfections is crucial 
for the accurate estimation of the properties of 2D materials. Moreover, if 
these structural imperfections are introduced in a controlled manner, it may 
alter the properties of the host material in potentially useful ways.  
In this thesis, several peculiar structural imperfections in 2D materials are 
studied, which include periodic grain boundaries in graphene, 
substoichiometric MoS2 with a high density of coordinatively unsaturated 
surface sites and one-dimensional (1D) MoS2 ribbons with zigzag edge 
terminations. The findings and efforts in this thesis have advanced the 
understanding of structural imperfections in 2D materials and demonstrated 
that these peculiar nanostructures can introduce new properties and 
functionalities to 2D materials, leading to numerous useful applications 
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List of Figures 
 
Figure 1.1 | Structures (a) and band structures (b-e) of representative 
single-layer 2D crystals. 
 
Figure 1.2 | Structure and band structure of graphene (a) Honeycomb 
lattice of graphene. (b) Band structure of graphene, showing the conduction 
band and valence band touch at six high symmetry points in the first Brillouin 
zone, called the Dirac points. (c) Linear dispersion of the band structure for 
small values of k near the Dirac point. 
 
Figure 1.3 | High carrier mobilities in graphene that robust against 
temperature variation Conductivity of single-layer graphene as a function of 
gate voltage and temperature, where conductivity is a sub-linear function of 
V(g) despite the large variation in temperature. This suggests the negligible 
electron scattering with intrinsic phonons in graphene. 
 
Figure 1.4 | Quantum hall effect in graphene Hall conductivity ߪ௫௬ (red) 
and longitudinal resistivity ߩ௫௫(green) as a function of carrier concentrations 
for monolayer graphene, with the quantized conductivity occurs at half-integer 
filling factors. Inset: Hall conductivity ߪ௫௬  (red) as a function of carrier 
concentrations for bilayer graphene, with the quantized conductivity occurs at 
integer filling factors. Measurements conducted at B=14T and T=4K. 
 
Figure 1.5 | Schematic drawing of the structure (a, b) and band structure 
(c) of 2H-MoS2 
 
Figure 1.6 | Valley hall effect in monolayer MoS2 transistor (a) Schematics 
of the valley-dependent optical selection rules and the electrons at the K and K’ 
valleys that possess opposite Berry curvatures. (b) Schematic of a 
photo-induced AHE driven by a net valley polarization (left) and an image of 
the Hall bar device (right). (c) Two-point and four-point conductivities of the 
device as a function of back gate voltage Vg. (d) The change in conductivity 
Δߪ௫௫ as a function of incident photon energy E under laser illumination. 
 
Figure 1.7 | Structures of topological defects in graphene (a) 5-7 disloction. 
(b) 5-8-5 dislocation. (c) 55-77 clustered topological defect. (d) 555-777 
clustered topological defect. (e) flower defect, which is composed by a close 
loop of 5-7 pairs. (f) structure of one aperiodic grain boundary. (g) structure of 
the periodic θ ൌ 32.2° grain boundary. (h) structure of the θ ൌ 0° periodic 
translational grain boundary. 
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Figure 1.8 | Transport across a periodic grain boundary in graphene (a) 
Atomic structure of a periodic grain boundary (θ=21.8°). (b, c) Corresponding 
k∥-resolved and total charge carrier transmissions through the grain boundary 
in (a) (d), Atomic structure of a periodic grain boundary (θ=30.0°). e,f, 
Corresponding k∥-resolved and total charge carrier transmissions through the 
grain boundary in (d). 
 
Figure 1.9 | GB structures in MoS2 (a) Top view of typical dislocations in 
twin GBs of MoS2. All GBs shown here have a zero net Burgers vector, 
originated from the coupling of dislocations with opposite Burgers vectors 
(individual dislocation represented by ٣). (b) Top view of typical dislocations 
in tilt GBs of MoS2. All dislocations shown here have the Burgers vector 
b=ma1+na2, where (m, n)=(1, 0). a1 and a2 are lattice vectors of the MoS2 unit 
cell. This is the smallest Burgers vector among that of all individual 
dislocations. One representative Burgers vector is superimposed onto the 
structure of the 5|7 S-rich dislocation. (c) High-resolution STEM image of a 
twin boundary in MoS2. Annotated lines indicating the GB position are drawn 
as a guide to the eye. Zoom-in image of the GB shows 1-D arrays of 
8|4|4|8-dislocations. (d) High-resolution STEM image of a low angle (18.5°) 
tilt boundary in MoS2, which contains 6|8-dislocations (C) and 
5|7-dislocations (B).  
 
Figure 1.10 | GB states in MoS2 and effect on electrical transport (a) Band 
structure calculated for tilt GBs of MoS2, with domain misorientation angles 
of 7°, 13°, 22°. All GBs shown here give rise to almost non-dispersive bands 
near the Fermi level (red dashed line). (b) Band structure calculated for the 
4|4-type twin GBs of MoS2, which shows a dispersive band across the Fermi 
level (red dashed line). (c) Spin resolved charge densities of the band across 
Fermi level, for the 7°, 13°, 22° tilt GBs. (d) Upper panel: relative energy 
levels of the band edges of MoS2 and the GB state, as well as the Fermi levels 
in MoS2 and GB before charge redistribution, for the 13°and 22° GBs. Bottom 
panel: alignment of Fermi levels in MoS2 and GB, and the corresponding band 
bending after charge redistribution. (e) SEM image of a typical MoS2 device 
featuring a single GB with the domain misorientation angle=19 ° . (f) 
misorientation angle-dependent carrier mobility measured for a total of 43 
devices with 10 different misorientation angles. 
 
Figure 1.11 | Magnetic properties of GBs in MoS2 (a) Spin-polarized density 
of states (DOS) of a 9° GB composed of Mo-rich 5|7 dislocations. (b) 
Schematic energy level and their corresponding charge densities for the 
Mo-rich 5|7 dislocation. (c,d) Corresponding cases for a 9° GB composed of 
S-rich 5|7 dislocation. (e) Magnetic moment per unit length as a function of 
the tilt angle of GBs (f) Energies of GBs composed of ferromagnetic 5|7 
dislocations (grey area) and antiferromagnetic 4|8 dislocations (blue area) as a 
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function of tilt angle. 
 
Figure 1.12 | Photoluminescence (PL) of MoS2 modulated by GBs (a) 
optical properties of MoS2 islands containing twin (1-3) and tilt (4-6) GBs, 
where twin GB gives reduced PL intensity and an upshift of the spectral 
medium by 8meV (2-3); tilt GB gives enhanced PL intensity and an upshift of 
the spectral medium by 26meV (5-6). (b) PL mapping of MoS2 islands with tilt 
GBs, where the GB region gives reduced PL intensity. (c) high-resolution PL 
spectrum collected after long integration, where exciton and trion peaks can be 
fitted accurately. (d) PL mapping of MoS2 islands with twin GBs, where the 
GB region gives enhanced PL intensity (1,3) and upshift of the spectral 
medium by 5meV (2,4). 
 
Figure 1.13 | GBs introduce new functionalities to TMDs (a) Combined 
STM and DFT studies show that strain associated with GBs will shift the 
energy level of the mid-gap GB state considerably. (b) Gate-tunable I-V 
characteristics of intersecting-GB and bisecting-GB memristors, where the 
intersecting-GB memristor exhibits gate-tunable set voltage, and the 
bisecting-GB memristor exhibits gate-tunable resistance values in each of the 
bistable states. (c) (1) nc-AFM image of the atomic structure of MoSe2 mirror 
twin boundary (MTB), where the 4|4-Mo rich dislocations cores are clearly 
resolved. (2) Schematic of the tripled cell along the MTB (solid black lines). 
Red arrows indicate the induced atomic displacements of 5pm. (3) Calculated 
band structure of the metallic state near the edge of the first Brillouin zone. It 
shows a gap opening induced by Peierls distortion. (4) Projected density of 
states (PDOS) showing the gap opening when a Peierls distortion was 
introduced (red), along with the experimental dI/dV spectrum (black). (5) 
Simulated LDOS of the occupied (Ψି) and unoccupied (Ψା) states of the 
distorted MTB, showing out-of-phase modulations similar to the experimental 
conductance maps. 
 
Figure 1.14 | Catalysis and chemical sensing with GBs in TMDs (a) The 
most stable adsorption positions for single H atom adsorbed at different GBs. 
(b) Gibbs free energies of the HER process catalyzed by different GBs and the 
Pt surface. (c) False-color SEM image of a typical fabricated GB-sensing 
platform (scale bar, 5 μm). (d) Sensing signal for the dimethyl 
methylphosphonate (DMMP) and1,2Dichlorobenzene (DCB) gas molecules.  
 
Figure 1.15 | Schematic illustration of atomically-precise armchair and 
zigzag ribbon (a) Structure of armchair and zigzag graphene nanoribbons, and 
an exemplary anthracene-based molecular precursor for the bottom-up 
fabrication of AGNRs via aryl–aryl coupling (X = halogen). (b) U-shaped 
dibenzo[a,j]anthracene monomer 1 with halogen functions R1 = Br designed to 
enable surface-assisted aryl–aryl coupling into a snake-like polymer along the 
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zigzag direction. (c) Monomer 1a, with an additional dimethyl-biphenyl group 
in the interior of the U-shape (R2 position), which is designed to afford a 
6-ZGNR upon polymerization (step 1) and subsequent cyclization (step 2). 
 
Figure 1.16 | Heterojunction of graphene nanoribbon (a) Synthesis of 7–13 
GNR heterojunctions from molecular building blocks 1 and 2, which are 
co-deposited onto a pristine Au(111) surface. (b) High-resolution STM 
topograph of a 7–13 GNR heterojunction. Inset: Larger-scale STM image of 
multiple GNR heterojunctions, showing a variety of segment lengths. 
 
Figure 1.17 | antiferromagnetic coupling of spin across ribbon (a) 
Atomically-resolved topography of the terminal edge of an (8, 1) GNR with 
measured width of 19.5±0.4 nm. (b) Structural model of the (8, 1) GNR edge 
shown in (a). (c) dI/dV spectra of the GNR edge shown in (a) measured at 
different points (black dots, as shown) along a line perpendicular to the GNR 
edge at T=7 K. Inset shows a higher resolution dI/dV spectrum for the edge of 
a (5, 2) GNR with width of 15.6±0.1 nm. (d) dI/dV spectra measured at 
different points (red dots, as shown) along a line parallel to the GNR edge 
shown in (a) at T=7 K. 
 
Figure 1.18 | Zigzag graphene nanoribbon (a) Large-scale STM image of 
the Au(111) surface after deposition of monomer 1a in Figure 1.16, on the 
surface held at 475 K. Formation of snake-like polymers is observed. Inset, 
high-resolution STM image of the polymer. Zigzag alternation of bright 
maxima indicates the lifting and/or tilting of the phenyl rings carrying the 
methyl groups. A structural model is superimposed for comparison. (b) 
Large-scale STM image of the Au(111) surface after annealing at 625 K. The 
flatter appearance, reduced apparent height and lack of internal structure 
indicate the complete cyclodehydrogenation of the polymers and the formation 
of 6-ZGNRs. Inset, high-resolution STM of a 6-ZGNR. (c) Constant height 
nc-AFM frequency shift image taken with a CO-functionalized tip. The 
intra-ribbon resolution shows the formation of a 6-ZGNR with atomically 
precise CH edges. 
 
Figure 1.19 | Atomic and energy band structure of bare and hydrogen 
saturated zigzag nanoribbon Z-MoS2NR. (upper panels) The top and side 
views of the atomic structure together with the difference of spin-up and 
spin-down charges (shown by yellow and turquoise isosurfaces, respectively) 
Large (purple), medium (yellow) and small (blue) balls are Mo, S, and H 
atoms, respectively. (bottom panels) Energy bands with solid (blue) and 
dashed (red) lines show spin-up and spin-down states, respectively. (a) The 
bare Z-MoS2NR having μ = 2 μB per cell displays half-metallic properties. (b) 
Spin-polarized ground state of Z-MoS2NR with Mo atoms at one edge and 
bottom S atoms at the other are passivated by single hydrogen. (c) Similar to 
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part b, but Mo atoms are passivated by two hydrogen atoms. (d) Similar to part 
c, but top S atoms at the other edge are also passivated by single hydrogen 
atoms. The net magnetic moment of each case is indicated below the 
corresponding band panels. 
 
Figure 1.20 | Setup of the SPECS joint STM-ARPES system 
 
Figure 2.1 | Effect of thermal annealing on the morphology of grain 
boundaries (GBs) in polycrystalline graphene film STM images of (a) 
as-grown graphene film on Cu(111). (-2V, 300pA) GBs are shown as dark 
lines in the image (b) graphene film after annealing at ~600Ԩ for 1h. GBs are 
shown as dark lines. (c) graphene film after annealing at ~600Ԩ for 3h. GBs 
are shown as bright lines. (d) High-resolution STM image (-20mV, 1.5nA) of 
the area marked in (a) showing curved and aperiodic GBs in graphene. (e) 
High-resolution STM image (-5mV, 800pA) of the area marked in (c) showing 
a straight and periodic GB in graphene 
 
Figure 2.2 | Quantifying density of GBs in polycrystalline graphene film. 
STM images and its corresponding flooded image of (a) as-grown graphene 
film on Cu(111). (b) graphene film after annealing at ~600 Ԩ for 1 h. (c) 
graphene film after annealing at ~600 Ԩ for 3 h.  
 
Figure 2.3| Representative STM images of periodic grain boundaries in 
graphene. The topography of the grain boundaries may look quite different 
from each other, due to different tip condition or tunneling parameters. We 
assign them as the same type of grain boundaries if they have similar values of 
periodicity and domain misorientation angle. (a-c) Atomic-resolution STM 
images of the 5-8-5 periodic grain boundaries. (d-l) Atomic-resolution STM 
images of the 5-7-5-7 periodic grain boundaries. Typical tunneling parameters: 
V=െ20	to ൅ 20	mV, I=1nA. 
 
Figure 2.4 | Schematic construction of periodic grain boundaries in 
graphene based on the coincidence site lattice (CSL) theory.  
 
Figure 2.5 | Structural characterization of periodic grain boundaries in 
graphene. (a) STM image of the 5-8-5 periodic grain boundary (3mV, 1.5nA) 
(inset: FFT shows the domain misorientation angle at 0°) (b) STM image of 
the 5-7 periodic grain boundary (-20mV, 500pA) (inset: FFT shows the 
domain misorientation angle at 22.5°) (c) STM image of the 5-7-5-7 periodic 
grain boundary (-1V, 400pA) (inset: FFT shows the domain misorientation 
angle at 31.8°) (d-f) Magnified views of periodic grain boundaries in (a-c) 
respectively with the structural models superimposed. 
 
Figure 2.6 | (a) Average value of the periodicity and misorientation angle of 
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each type of periodic grain boundaries measured in our experiment. (b) 
Relative abundance of the three types of periodic grain boundaries observed in 
our experiment. 
 
Figure 2.7 | Representative STM images of the facetted periodic GBs in 
graphene. 
 
Figure 2.8 | (a) dI/dV spectra of pristine graphene domain showing a dip at 
around -0.6eV. (b) dI/dV spectra of both pristine graphene (curves in green 
and blue) and an aperiodic grain boundary in graphene (curves in black and 
red). The raw data points are omitted for clarity. All spectra show a dip at 
around -0.6eV, but no distinct peaks could be seen in the spectra. 
 
Figure 2.9 | STM images of stripe patterns on the substrate and under 
graphene domain after oxygen adsorption on Cu(111). The stripe patterns 
are highlighted by white dashed lines. (a) Atomic-resolution STM image 
(-400mV, 500pA) of the striped oxide superlattice on copper surface. (b) STM 
image (-1V, 400pA) of one graphene island. The underlying oxide stripe 
pattern is clearly adopted by graphene. (c) Magnified STM image (-500mV, 
400pA) of the graphene island in (b), showing both the stripe pattern and the 
hexagonal graphene lattice. 
 
Figure 2.10 | Electronic properties of periodic GBs in graphene (a) STM 
image (-2V, 300pA) of graphene islands on Cu(111) before oxygen 
intercalation. (b) STM image (-1V, 300pA) of a partially intercalated graphene 
island on Cu(111). (c) STM image (-1V, 300pA) of a fully intercalated 
graphene island on Cu(111) showing well-ordered stripes on both the Cu 
surface and the graphene island. These stripes come from the superstructure of 
oxygen adsorbed on Cu surface. This indicates that graphene is decoupled 
from Cu(111) crystal by an oxygen buffer layer. (d) The dI/dV spectra 
collected at five spots across the 5-8-5 periodic GB. (e) The dI/dV spectra 
collected at five spots across the 5-7-5-7 periodic GB. (f) The dI/dV spectra 
collected at five spots across the aperiodic GB. 
 
Figure 3.1 | Preparation of MoSx a, Schematic illustration of two different 
growth methods to selectively prepare MoS2 and MoSx. b, STM image of 
substrate surface containing only MoS2 islands. Scale bar, 20nm. c, STM 
image of a MoSx island dominated surface with a minority of small MoS2 
islands. Scale bar, 20nm. d, High resolution STM image of the MoSx surface. 
Two different surface sites are marked by red and blue dots. Scale bar, 2nm. e, 
STM height profile along a line marked in c to measure the heights of islands. 
f, STM height profile along a line marked in d to measure the surface site 
periodicity. g, Relative surface coverage of MoS2 and MoSx islands on 
samples prepared on bare Cu(111) and Cu(111) with S adlayer, respectively. 
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Figure 3.2 | STM images of the ൫√ૠ ൈ √ૠ൯	ࡾ	૚ૢ° Cu-S adlayer 
 
Figure 3.3 | Conversion of MoSx to MoS2 (a) as-prepared MoSx dominated 
sample with a short annealing time of 20min. (b) sample in a annealed at 
600Ԩ for 1h, where surface coverage of MoSx is reduced significantly and 
that of MoS2 increased.  
 
 
Figure 3.4 | Large size single crystalline MoSx islands 
 
Figure 3.5 | Row-matching Registry of MoSx islands with respect to the 
Cu-S adlayer (a) STM image of one MoSx island on Cu-S substrate, taken at 
+2 V. (b) Fast Fourier Transform (FFT) pattern of the STM image in a. (c) 
real-space lattice vector (b1, b2, d1, d2) and corresponding reciprocal lattice 
vector (b1’, b2’, d1’, d2’) of the MoSx lattice. Real-space lattice vector (a1, a2, 
c1, c2) and corresponding reciprocal lattice vector (a1’, a2’, c1’, c2’) of the 
Cu-S lattice. The FFT patterns of reciprocal lattice are highlighted by black 
dashed lines. The Mo-rich sites are represented by red open circles, the S 
atoms in Cu-S are represented by green open circles. (d) FFT pattern of the 
STM image in a, superimposed with the square and hexagonal FFT patterns 
corresponding to the highlighted patterns in c. The pattern is slightly distorted 
due to drift in the STM image.   
 
Figure 3.6 | Tunneling spectra and dI/dV mapping of MoSx and MoS2 
islands a, dI/dV spectra of MoS2 (blue line), with the onsets of valence band 
(VB) and conduction band (CB) marked by dashed lines. dI/dV spectra of 
MoSx (red line), with the onsets of VB and CB marked by solid lines. b, dI/dV 
maps of MoSx and MoS2 islands at different bias voltages. 
 
Figure 3.7 | Bias-dependent contrast of surface sites on MoSx a-b, 
Filled-state and empty-state STM images taken at -1V and +2V, of the same 
area (Mo-rich sites in red dots, S-rich sites in blue dots, defects sites in hollow 
triangles). White squares representing individual unit cells were superimposed 
onto the two images. Scale bar, 1.6nm. 
 
Figure 3.8 | Bias-dependent contrast of the two surface sites demonstrated 
by instantaneously switching of the bias polarity while scanning of the 
MoSx surface 
 
Figure 3.9 | Bias-dependent contrast of the two types of surface sites on 
one MoSx island Two defect sites at the edge of the island were used as 
markers (indicated by white arrows). At negative biases, which image the local 
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filled states, both sites were imaged as bright protrusions. However, as the bias 
voltage changes from -2V to -0.5V, the brightness of the S-rich sites 
(representative S-rich site marked by blue dot) relative to the Mo-rich sites 
increases. At the sample bias of +2V, the brightness of the Mo-rich site is 
significantly increased, and the S-rich sites appear as four-fold hollow sites. 
 
Figure 3.10 | AB stacking of bilayer MoSx a, STM image of merged bilayer 
and incomplete bilayer domains of MoSx Scale bar, 14nm. b, Magnified STM 
image of an incomplete bilayer domain of MoSx, taken at +2V. (Mo-rich sites 
in red dots, S-rich sites in blue dots, the dashed line is a guide to the eye) Scale 
bar, 2.4nm. c, Energetically optimized structure of bilayer Mo18S18, showing 
AB stacking and interlayer distance of 2.96Հ.  
 
Figure 3.11 | Defect sites on MoSx a, defects generated by annealing the 
sample in vacuum at 400Ԩ for 15min. b, defects generated by annealing the 
sample in vacuum at 400Ԩ for 30min. 
 
Figure 3.12 | Spectroscopic characterization of MoSx a, Deconvolution of 
the XPS spectra reveals a chemically shifted Mo 3d peaks (in blue) assignable 
to MoSx. The Mo 3d peaks from MoS2 are labeled in green and S 2s peak is 
labeled in yellow. b, Deconvolution of the HREELS spectra reveals an 
additional peak C (in red) due to MoSx. The peaks A and B (in blue) are from 
MoS2. Inset: structural model of Chevrel phase Mo6S8 cluster.  
 
Figure 3.13 | XPS of S 2p core level peaks Peak fitting reveals only one set 
of 2p3/2+2p1/2 peaks in samples containing mixed MoS2 and MoSx, with the 
binding energy of S 2p3/2 peak at 161.8eV, which corresponds to the -2 
oxidation state of sulfur. The binding energy is consistent with reported values 
for sulfur atoms in MoS2 and Mo6S8 
 
Figure 3.14 | Atomic structures of Mo6S8 based Chevrel phase structures 
and their relative cohesive energy a, PbMo6S8. b, Rhombohedral structure of 
Mo6S8 binary compounds (3D). c,  Face-sharing Mo6S8 based nanowire (1D). 
d, Edge-sharing Mo6S8 2D structures. The cohesive energy of PbMo6S8 is used 
as a reference.  
 
Figure 3.15 | Simulated STM images of Mo6S8 condensed structures a-c, 
Mo7S8 structure with the simulated STM image at -1.0 eV and +2 eV bias 
voltage. d-f, Atomic structure of perfect edge-sharing Mo6S8 2D structure 
(Mo24S16) with the simulated STM image at -1 eV and +2 eV bias voltage. g-i, 
Atomic structure of edge-sharing Mo6S8 2D structure with edge Mo vacancies 
(Mo20S16) and the associated simulated STM image at -1 eV and +2.0 eV bias 
voltage. 
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Figure 3.16 | Proposed Mo18S18 structure for MoSx and corresponding 
simulated STM images a, top-view of the Mo18S18 model for MoSx. Surface 
Mo and S atoms were enlarged and inter-cluster Mo-Mo bonds in dashed lines, 
for viewing clarity. b, rotated-view of the Chevrel phase Mo18S18 model for 
MoSx. Top surface Mo and S atoms were enlarged for viewing clarity. c-d, 
Simulated STM images at -1V and +2V, of the Mo18S18 model. The Mo18S18 
unit cell was superimposed onto the simulated image in d, with bonds omitted. 
 
Figure 4.1 | (a) Magnified STM image of individual intact DBDBT molecule 
adsorbed on MoSx. (b) STM height profile of a line marked in a, showing 
diameter of the protrusion about 8.05 Հ 
 
Figure 4.2 | DBDBT adsorption on MoSx (a-b) STM images recorded 
consecutively at 0 s and 240 s, of one MoSx island partially covered by 
DBDBT molecules. Each bright protrusion corresponds to one DBDBT 
molecule. The hollow circles mark two representative surface sites where 
adsorbed molecules diffused away. Scale bar, 4nm. (c) Magnified STM image 
of the area marked in a, where DBDBT molecules adsorb exclusively on the 
Mo-rich sites. (Mo-rich sites in red dots, S-rich sites in blue dots, defect sites 
in hollow triangles) Scale bar, 8 Å. (d-f), STM images of one MoSx island 
with near-full coverage of DBDBT molecules recorded consecutively at 0 s, 
240 s, 480 s. The dark spots correspond to surface sites on MoSx that are not 
occupied by DBDBT molecules. The dark spots constantly change in position 
due to the constant migration of DBDBT molecules in the adlayer.  
 
Figure 4.3 | DBDBT oligomerization on MoSx in the low surface coverage 
regime. (a) STM image of MoSx islands adsorbed with DBDBT oligomers. 
Scale bar, 10 nm. (b) Neighboring DBDBT monomers can only adopt two 
possible conformations, that is the cis- or trans- conformations. (c) Structural 
models of DBDBT trimers and tetramers based on the combination of local 
cis- and trans- conformations, with the distance between neighboring sulfur 
atoms being 1.1 nm, and the angles labeled in the figure. (d) Magnified STM 
image of DBDBT oligomers on the surface of MoSx. Surface molecular 
species ranging from monomer to tetramer, as well as the non-bonding regime 
between adjacent molecular species, are marked accordingly. Mo-rich sites are 
marked by red dots and S-rich sites are marked by blue dots. (e) XPS spectrum 
of as-deposited DBDBT molecules on MoSx gives rise to Br 3p core level 
peaks; after annealing the sample at 200 ℃ for 1 h, no signal of the Br 3p 
peaks can be observed, indicating the successful cleavage of C-Br bonds and 
desorption of Br atoms.  
 
Figure 4.4 | Templated formation of DBDBT cyclic tetramers on MoSx a, 
STM image of one MoSx island with a high coverage of DBDBT oligomers. 
Scale bar, 8 nm. b, Magnified STM image of the area marked in a, the 
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structural model of cyclic tetramer is superimposed on the image. Scale bar, 
1.6 nm. (Mo-rich sites in red dots, S-rich sites in blue dots) c, STM image of 
DBDBT oligomers formed on Cu(111) with disordered shapes and orientations. 
Scale bar, 8 nm. d, Schematic illustration of the possible reaction mechanism, 
where the debromination of pre-assembled DBDBT molecules leads to 
selective formation of cyclic tetramers. e, Statistics of cyclic tetramers formed 
on Cu(111) and MoSx. 
 
Figure 4.5 | DBDBT oligomers formed on MoSx islands, with a high 
selectivity for cyclic tetramers 
 
Figure 4.6 | Fuzzy hydrogen adsorption pattern at room temperature 
 
Figure 4.7 | First-principle calculation of adsorption of H atom on the 
Mo18S18 surface a-b, The side view (a) and top view (b) for the most stable 
adsorption configuration of H atom on the Mo18S18 surface. c, Simulated STM 
image of hydrogenated Mo18S18. 
 
Figure 4.8 | Hydrogen passivation of MoSx a, STM image of hydrogen 
adlayer on MoSx formed at 80 Ԩ. Scale bar, 12 nm. b, Magnified STM image 
of the area marked in a, where the bright spots with four-fold symmetry and 
~1 nm periodicity are patterns observed after hydrogen adsorption. Scale bar, 
6 nm. c, STM image of one hydrogen passivated MoSx island after oxygen 
exposure. Scale bar, 10 nm. d, STM image of one MoSx island regenerated 
after the hydrogen adsorption-oxygen exposure-hydrogen desorption cycle. 
Scale bar, 10 nm. e, XPS spectra of MoSx (spectrum ii-iv), recorded 
sequentially in one hydrogen adsorption-oxygen exposure-hydrogen 
desorption cycle; there is no observable shift in the Mo binding energies. In 
contrast, XPS spectrum of pristine MoSx exposed to oxygen (spectrum i) 
reveals an additional set of Mo 3d peaks at higher binding energies, which is 
assignable to molybdenum oxysulfide22. 
 
Figure 4.9 | XPS spectra of Cu 2p core level peak of samples containing 
MoSx No detectable changes in the core level peaks indicates that Cu is not 
oxidized upon exposure to oxygen. The XPS spectrum before oxygen 
exposure is characteristic to surface sulfurized Cu sample, where a weak Cu 
satellite peak is observed due to the presence of sulfur capping layers. Usually 
oxidized Cu will give rise to chemically shifted Cu 2p peaks and enhanced Cu 
satellite peaks, both of which are absent in the spectrum taken after oxygen 
exposure.  
 
Figure 4.10 | STM image of unpassivated MoSx island after oxygen 
exposure a, STM image of one oxygen corroded MoSx island. Irregular 
clusters due possibly to amorphous molybdenum oxysulfide were observed. b, 
 XVII |  
 
Magnified STM image of the area marked in a, showing the MoSx basal plane 
with a high surface roughness.  
 
Figure 5.1 | Schematic illustration of the Au single crystal with (111) and 
(100)-type step edges 
 
Figure 5.2 | STM images of the Au(788) and Au(755) surfaces. (a) STM 
image of a clean Au(788) surface with an average terrace width of 3.8 nm. (b) 
STM image of a clean Au(755) surface with an average terrace width of 1.2 
nm.  
 
Figure 5.3 | Effect of step edges on the templated growth of Mo-S 
nanostructures (a) Smooth wire-like features on Au(788), observed after 
annealing sub-monolayer Mo atoms in H2S at 150 Ԩ. (b) Mostly dot-like 
features and some wire-like features on Au(755), observed after annealing 
sub-monolayer Mo atoms in H2S at 150 Ԩ. The dot-like features look similar 
to sulfur atoms adsorbed on the Au(755) step edges, prepared by directly 
annealing the clean substrate in H2S.  
 
Figure 5.4 | Temperature selective growth of MoS2 wires and ribbons on 
Au(788) (a-b) STM topography and corresponding derivative image of Mo-S 
wires prepared at 150 Ԩ. (c) The width of wire was measured to be ~7 Հ, in 
the derivative image where wires have better contrast with the substrate. (d-e) 
STM topography and corresponding derivative image of Mo-S ribbons 
prepared at 200 Ԩ. (f) The width of ribbon was measured to be ~10 Հ in the 
derivative image.  
 
Figure 5.5 | Probing the ribbon growth mechanism by controlling 
annealing time and temperature (a) MoS2 ribbons prepared at the optimum 
condition, by annealing as-deposited Mo atoms at 200 Ԩ  for 3 h. (b) 
Annealing as-deposited Mo atoms at 300 Ԩ for 3 h would give rise to 
triangular or truncated triangular MoS2 islands, suggesting there is a narrow 
temperature window between 150-300 Ԩ for the selective growth of wires 
and ribbons. (c) Annealing Mo atoms in H2S for a shorter time gives rise to 
short segments of MoS2 ribbons. Mo atoms are likely to be alloyed with the 
Au surface atoms, which, upon further reaction, would contribute to the 
elongation of the short ribbons. (d) Annealing Mo atoms in H2S for 12 h, 
which shows the disappearance of width-uniform ribbons and the formation of 
longer, wider and less uniform MoS2 ribbons. 
 
Figure 5.6 | Quantifying ribbon dimensions (a) Histogram of the aspect ratio 
distribution of MoS2 ribbons prepared at 200 Ԩ, 1 h. (b) Histogram of the 
aspect ratio distribution of MoS2 ribbons prepared at 200 Ԩ, 3 h. Ribbons in a, 
b have a uniform width of about 1 nm. (c) Histogram of the width distribution 
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of MoS2 ribbons prepared at 200 Ԩ, 12 h. (d) Histogram of the aspect ratio 
distribution of MoS2 ribbons prepared at 200 Ԩ, 12 h. 
 
Figure 5.7 | Structure of ribbon determined from edge structures of fused 
ribbon-island domains (a) STM image of a fused ribbon-island domain 
where the edge protrusions are clearly resolved. (b) Proposed structure of the 
ribbon-island domain. The Mo-edge of MoS2 ribbon has a double period 
pattern corresponding to paired S2 dimers (P1 – P7 indicated in STM image). 
The Mo-edge of the triangular island exhibits single period pattern due to 
unpaired S2 dimers. By counting the number of individual S2 dimers of the 
island, the width of this ribbon can be determined, which contains three chains 
of Mo atoms. 
 
Figure 5.8 | STS comparing electronic properties of thin wire, thick 
ribbon and bare Au (a) STM image of a sample containing both thick 
ribbons and thin wires. (b) Magnified view of an area with one thick ribbon 
and one thin wire. (c) Tunneling spectra of the thick ribbon (in red) and thin 
wire (in blue), both give rise to three peaks near Fermi level, two peaks (-1 V 
and -0.6 V) below Fermi, and one peak at +0.8V above Fermi. (d) Tunneling 
spectrum of the Au surface, where the Au surface state at around +0.2 V was 
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CHAPTER 1 Introduction 
In this chapter, we start with a brief overview of two-dimensional (2D) 
materials, with an emphasis on their outstanding properties for future 
optoelectronic devices. Next, two most widely studied 2D materials – 
graphene and molybdenum disulfide (MoS2), and their superlative properties 
are highlighted. This is followed by a detailed review on structural 
imperfections such as grain boundaries (GBs) and edge states in graphene and 
MoS2, as well as how they affect properties of the host lattice. Subsequently, 
the experimental techniques used in this thesis are introduced. Lastly, the 
organization of this thesis was presented.  
 
1.1 Overview of 2D Materials 
Many layered materials in the bulk form have been known for a long time, 
such as graphite, molybdenum disulfide (MoS2) and hexagonal boron nitride 
(h-BN). These materials are characteristic of their intralayer covalent bonding 
and interlayer van der Waals forces, i.e. atoms are tightly bonded within the 
same layer but only weakly coupled to layers above and below. These 
materials are long utilized as solid lubricants due to their low shear friction. 
The weak interlayer coupling also implies that individual sheets can be 
isolated easily, which has been overlooked for years.  
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In 2004, Andre Geim and his colleagues made the astonishing discovery 
that graphene, an atomically thin layer of sp2 bonded carbon network, can be 
isolated from bulk graphite and remained stable in ambient conditions1. 
Studies of this atomically thin crystal have revealed interesting physical 
phenomena not seen before in other materials, such as the massless Dirac 
fermions and the half-integer quantum hall effect2. Ever since the discovery of 
graphene, there is a resurgence of research interests in layered materials, with 
the primary objective of preparing and studying them in monolayer and 
few-layer thickness (termed as 2D materials). These research efforts have 
provoked enormous exciting results. For example, it was found that bulk MoS2, 
an indirect band gap semiconductor, will transform into direct band gap when 
reduced to monolayer thickness3. The broken inversion symmetry and large 
spin-orbit coupling in monolayer MoS2 also allow easy optical manipulation 
of the valley degree of freedom of its charge carriers, a quantum degree of 
freedom that can be used to store and readout bits of information4,5. In 2014, 
Mak and co-workers gave the first experimental demonstration of the valley 
Hall effect using a monolayer MoS2 transistor6.  
These unprecedented properties discovered over the past decade have 
inspired researchers to explore the application of 2D materials in 
optoelectronic devices7. So far, device applications such as transistors8, 
photodetectors9 and light emitting diodes (LEDs)10 have been realized with 2D 
materials. Researchers are now equipped with an arsenal of 2D materials with 
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a wide spectrum of properties, ranging from metallic graphene, 
semiconducting transition metal dichalcogenides (TMDs), semiconducting 
black phosphorus and insulating h-BN (Fig. 1.1). Each of these materials can 
replace an essential functional unit in silicon based devices, including 
electrode (graphene)11, channel material (TMD and phosphorene)12,13 and gate 
dielectric (h-BN)14.




Figure 1.1 | Structures and band structures of representative single-layer 2D 
crystals. Reproduced with permission from ref. 7, Copyright Nature 
Publishing Group.  
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1.2 Graphene and MoS2: structure and properties  
1.2.1 Structure and band structure of graphene  
Monolayer graphene has a honeycomb lattice featuring two 
non-equivalent carbon atoms per unit cell (Fig. 1.2a)15. Each carbon atom has 
one 1s orbital and three 2p orbitals (݌௫, ݌௬, ݌௭), where the s orbital will 
hybridize with ݌௫, ݌௬ to form three sp2 orbitals, which overlap with sp2 
orbitals of its nearest carbon atoms to form covalent bonds. The leftover ݌௭ 
orbital perpendicular to the atomic plane will overlap side-by-side to form 
delocalized π bands as shown in Fig. 1.2b. The two types of corner points K 
and K’ of the Brillouin zone (BZ) of graphene are called the Dirac points, 
where conduction band and valence band barely touches.  
 
 
Figure 1.2 | Structure and band structure of graphene (a) Honeycomb 
lattice of graphene. (b) Band structure of graphene, showing the conduction 
band and valence band touching at six high symmetry points in the first 
Brillouin zone, called the Dirac points. (c) Linear dispersion of the band 
structure for small values of k near the Dirac point. Reproduced with 
permission from ref. 15, Copyright IOP Science.   
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1.2.2 Ballistic transport in graphene  
Band structure near the Dirac points is of particular importance to the 
physical properties of graphene. Fig. 1.2c gives a magnified view of the band 
structure near one Dirac point, which has a very unique linear dispersion of 
ܧ௞ vs. k. This means the group velocity of all Bloch waves near the Dirac 
points, defined by ଵ԰
݀ܧ௞ ݇ൗ , is constant and equals to the Fermi velocity ݒ௙. 
For an electron represented by a localized wave packet, all partial waves 
forming this wave packet (centered at the wave vector k) will travel at the 
same group velocity, which means their phases remain coherent over space 
and the moving wave packet will not change its shape. If we take a classic 
rather than quantum mechanical viewpoint, electrons travel in graphene will 
not be scattered by the lattice and the lattice appear “transparent” to free 
electrons. For electrons in other medium such as graphite, due to the different 
group velocities of partial waves forming this electron wave packet, originated 
from the non-linear E-k dispersion, their phases will become incoherent over 
space. Instead of having one localized wave packet, a few wave packets 
representing electrons with different k and ܧ௞ will form. From the classic 
viewpoint, electrons are scattered by the lattice and acquire different wave 
vectors and energies. The above-mentioned phenomenon is called ballistic 
transport in graphene, which is experimentally verified by showing an 
ultrahigh intrinsic carrier mobility of ~ 40,000 cm2/Vs at 300k, which has 
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weak temperature dependence reflecting weak scattering with lattice phonons 
(Fig. 1.3)16.  
 
 
Figure 1.3 | High carrier mobilities in graphene that is robust against 
temperature variation Conductivity of single-layer graphene as a function of 
gate voltage and temperature, where conductivity is a sub-linear function of 
V(g) despite the large variation in temperature. This suggests the negligible 
electron scattering with intrinsic phonons in graphene. Reproduced with 
permission from ref. 16, Copyright American Physical Society.   
 
1.2.3 Quantum hall effect in graphene  
The special charge carriers (electrons and holes) in graphene mimics 
relativistic particles with zero rest mass and the Fermi velocity of 10଺	mݏିଵ 
( ܿ 300ൗ , c is the speed of light)2,17. When magnetic field is applied 
perpendicular to the basal plane of graphene, moving charge carriers will 
experience a force called the Lorentz force transverse to its trajectory, which is 
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called the Hall effect. In the absence of scattering (as in the case of graphene 
with the special linear E-k dispersion), the trajectory of charge carriers will 
become a complete circle called the cyclotron. The cyclotron motion mimics 
the behavior of a quantum harmonic oscillator, with the angular frequency of 
߱௖ ൌ ݍܤ ݉∗ܿൗ . The energy levels of the cyclotrons are quantized to be 
ܧ௡ ൌ ԰߱௖ሺ݊ ൅ 1/2ሻ . This is reflected in the quantized conductivity in 
graphene (Fig. 1.4)2. Because of the long mean free path of charge carriers in 
graphene (thus being able to form cyclotrons), the quantum hall effect in 
graphene can even be observed at room temperature18. 
 
 
Figure 1.4 | Quantum hall effect in graphene Hall conductivity ߪ௫௬ (red) 
and longitudinal resistivity ߩ௫௫(green) as a function of carrier concentrations 
for monolayer graphene, with the quantized conductivity occurs at half-integer 
filling factors. Inset: Hall conductivity ߪ௫௬  (red) as a function of carrier 
concentrations for bilayer graphene, with the quantized conductivity occurs at 
integer filling factors. Measurements conducted at B=14T and T=4K. 
Reproduced with permission from ref. 2, Copyright Nature Publishing Group.
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1.2.4 Structure and band structure of MoS2 
The structure of MoS2 can be described as 2D lamella S-Mo-S layers, 
which are tightly bonded within the layer but weakly coupled between layers 
via the van der Waals forces. Within each layer, each Mo atom are coordinated 
by six S atoms in the trigonal prismatic geometry (2H phase, see Fig. 1.5a, b). 
The inversion symmetry for monolayer MoS2 is explicitly broken, leading to 
the occurrence of two types of valleys K and െK at the corners of its 
Brillouin zone19, with opposite signs of the Berry phase. The difference in 
Berry phase has two consequences. First, the strong spin-orbit coupling in 
MoS2 (originated from the Mo d orbitals) will lead to the splitting of the 
valence band maximum into two states with spin up and spin down textures, 
and the spin states are polarized in opposite directions (as shown in Fig. 1.5c). 
Second, the opposite sign of the Berry phase leads to optical selection rules by 
circularly polarized light, i.e. left circularly polarized light excites electrons 
from the K valley and right circularly polarized light excites electrons from the 
െK valley.  
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Figure 1.5 | Schematic drawing of the structure (a, b) and band structure 
(c) of 2H-MoS2 Reproduced with permission from ref. 19, Copyright 
American Physical Society.  
 
1.2.5 Valley hall effect in MoS2 transistors  
This coupled spin-valley physics is of paramount importance to the 
manipulation of the valley degree of freedom in MoS2. For graphene, its K and 
K’ Dirac points also have different berry phases and can be selectively excited 
by circularly polarized lights. However, Bloch electron wave packets with the 
valley index K will easily undergo inter-valley scattering by a wave vector 
(usually phonon) and flip its valley index to K’. For monolayer MoS2, if 
monochromatic circularly polarized light was used to selectively excite the K 
valley at the band edge, Bloch electrons and holes will not only have the 
valley index, but also have the spin index. During the inter-valley scattering 
process, the spin index also has to be flipped, which is highly unlikely in the 
absence of atomic scale magnetic scatters.  
Following the above argument, Bloch electron wave packets can travel in 
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MoS2 over a sufficiently long distance without losing their characteristic Berry 
phases. This leads to the experimental observation of the valley Hall effect in 
MoS2 transistors6. A monochromatic right circularly polarized light was used 
to selectively excite the K valley of MoS2 with the Berry curvature ΩሬሬԦ௞,௘, as 
shown in Figure 1.6a. In an electric field (along the xx direction in the device 
shown in the right part of Fig. 1.6b), charge carrier with the Berry curvature 
ΩሬሬԦ௞,௘ will experience a force transverse to its moving direction, while this 
force points to opposite directions for electrons and holes (Schematic drawing 
shown in the left part of Fig. 1.6b). This will result in a Hall voltage in the AB 
direction of the device shown in Fig. 1.6b, and the net conductivity along the 
xx direction is enhanced (Fig. 1.6d). It should be noted that electrons with 
ΩሬሬԦ௞,௘ and ΩሬሬԦି௞,௘ berry curvatures will move to opposite directions transverse 
to the applied electric field. Therefore if charge carriers in both valleys are 
excited simultaneously, the net Hall voltage will be zero. 




Figure 1.6 | Valley hall effect in monolayer MoS2 transistor (a) Optical 
selection rules of electrons at the two valleys, which have opposite Berry 
curvatures. (b) Schematic of a photo-induced AHE driven by a net valley 
polarization (left) and an image of the Hall bar device (right). (c) Two-point 
and four-point conductivities of the device as a function of back gate voltage 
Vg. (d) The change in conductivity Δߪ௫௫ as a function of incident photon 
energy E under laser illumination. Reproduced with permission from ref. 6, 
Copyright the American Association for the Advancement of Science.  
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1.3 Grain boundaries in graphene  
Topological defects are important to graphene, because they can 
influence strongly its physical properties by breaking the AB sublattice 
symmetry or inducing strain. Compared to vacancies with dangling bonds, 
intrinsic topological defects accommodate lattice imperfections but conserve 
the three-fold sp2 bonding of carbon atoms. Plastic deformation of curved 
graphene sheets, as well as vacancies or GBs, can induce the formation of 
topological defects in graphene. The latter can be viewed as the local 
reconstruction of the hexagonal carbon lattice to form non-hexagonal carbon 
rings.  
The simplest topological defects in graphene are disclinations (individual 
pentagons or heptagons)20. They can be found in fullerenes and carbon 
nanotubes, but appear less frequently in planar graphene. This is because 
individual disclination will induce large strain as it either brings a positive 
curvature (pentagon) or negative curvature (heptagon) to the system. Pairing 
of a pentagon and a heptagon is energetically favorable due to curvature 
cancellation, which results in a pentagon-heptagon (5-7) pair (Fig. 1.7a) 21,22. 
Using scanning tunneling microscope (STM) or high resolution transmission 
electron microscope (HRTEM) techniques, 5-7 pair defects have been 
experimentally observed in both carbon nanotubes and graphene23-27. Besides 
individual 5-7 pairs, disclinations can also be found in clusters including the 
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55-77 defect (Stone-Wales defect, Fig. 1.7c)24,28-30, the 555-777 defect (Fig. 
1.7d)26-28 and the flower defect (Fig. 1.7e)27,31. Other forms of non-hexagonal 
rings, such as the 5-8-5 type defect (Fig. 1.7b)26,28, have also been identified 
experimentally. Topological defects can modify the electronic properties of 
graphene by acting as scattering centers, or as sources for self-doping32. 
Certain clustered topological defect (topological defect 5555-6-7777) was 
estimated to open a local band gap in the order of 200 meV28. 
 
 
Figure 1.7 | Structures of topological defects in graphene (a) 5-7 disloction. 
(b) 5-8-5 dislocation. (c) 55-77 clustered topological defect. (d) 555-777 
clustered topological defect. (e) flower defect, which is composed by a close 
loop of 5-7 pairs. (f) structure of one aperiodic grain boundary. (g) structure of 
the periodic θ ൌ 32.2° grain boundary. (h) structure of the θ ൌ 0° periodic 
translational grain boundary. Reproduced with permission from ref. 75, 
Copyright the American Chemical Society.  
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One interesting scenario is the alignment of individual or clustered 
topological defects into extended structures by taking advantage of the fact 
that there is a thermodynamic force for these defects to cluster together. 
Recent experimental studies have identified topological defects (mostly 5-7 
pairs) as building blocks for GBs in polycrystalline graphene23,33. GBs 
constructed of extended topological defects not only give entirely new 
properties, but may be integrated into practical device. Chen and co-workers 
reported the synthesis of spatially ordered arrays of micron size GBs and 
demonstrated device fabrication across a single GB34.  
Although GBs are often aperiodic due to kinetic quenching (see Fig. 1.7f), 
the ground-state structures should contain periodic arrays of non-hexagonal 
rings. The packing density of dislocation cores varies with the domain 
misorientation angle θ  (ranging from 0°	to	60°  for graphene). For large 
angle GBs (θ close to 30°) with high packing density of topological defects, 
stress fields associated with 5-7 pairs will mutually cancel with each other, 
leading to structures with low formation energy. The theoretically calculated 
highest packing density occurs at θ ൌ 32.2°, with only 5-7 pairs (no hexagons) 
at the GB region (see Fig . 1.7g)22,35. Due to effective stress field cancelation, 
although this structure contains most defects, it has the lowest formation 
energy and the highest mechanical strength among all GB structures22,35-37.  
The properties of symmetric, periodic GBs have been theoretically 
predicted. Louie and Yazyev proposed that low-energy charge carriers in 
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graphene will either be transmitted or get reflected when crossing such GB. 
The transport gap depends solely on the dislocation core periodicity at the GB. 
Simulation of a model reflective GB (see Fig. 1.8) shows an on/off current 
ratio to be higher than 100038. Hence practical transistors could be built from 
tailored periodic GBs.  
 
 
Figure 1.8 | Transport across a periodic grain boundary in graphene (a) 
Atomic structure of a periodic grain boundary (θ=21.8°). (b, c) Corresponding 
k∥-resolved and total charge carrier transmissions through the grain boundary 
in (a) (d), Atomic structure of a periodic grain boundary (θ=30.0°). e,f, 
Corresponding k∥-resolved and total charge carrier transmissions through the 
grain boundary in (d). Reproduced with permission from ref. 38, Copyright 
Nature Publishing Group. 
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1.4 Grain boundaries in transition metal dichalcogenides (TMDs)  
1.4.1 Introduction 
Among all 2D layered materials, TMDs are particularly intriguing due to 
their wide spectrum of chemical compositions, structures and 
properties5,13,42,43. The generalized formula of TMDs is MX2, where M is a 
transition metal in groups 4-10, and X is a chalcogen (S, Se or Te). In the 
lamella structure of 2D TMDs, a layer of metal atoms are sandwiched by two 
layers of chalcogen atoms with either trigonal prismatic or octahedral 
coordination. Depending on the filling of the metal d-orbitals, electronic 
properties may range from insulating, semiconducting, metallic or 
superconducting42,44, rendering them versatile materials in a broad range of 
applications such as field effect transistors13,45,46, light emitting devices47-49, 
catalysis43,50-52 and so on.  
Materializing the above-mentioned applications in economically viable 
ways would require scalable, high-throughput synthesis methods such as 
chemical vapor deposition (CVD)53,54, which, however, inevitably introduce 
structural imperfections to the films including strained features52,55-57, defects51 
and grain boundaries (GBs)58-61. Structural imperfections, even in small 
quantity, will affect the properties of the host lattice significantly, thus creating 
a gap between the predicted superlative properties and the actual performance 
of TMDs in various applications. Therefore, it is highly desirable to 
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understand the properties and formation dynamics of structural imperfections 
in TMDs, which would not only give researchers a better estimation of the 
practical performances of TMD materials, but also lead to methods to mitigate 
or control their influences to the host lattice. More importantly, recent 
experimental and theoretical studies show that intentionally introduced 
imperfections can even give rise to new physics and functionalities that do not 
exist in the ideal structures.52,57,62-67  
The properties and controlled engineering of strains and defects in TMDs 
have been previously reviewed68-71, however, a systematic summary focused 
on GBs in TMDs is still lacking. Herein, we summarized various GBs in 
TMDs, which bear some similarities to GBs in graphene but are structurally 
more complex, due to the versatile Mo-S coordination. Next, we generalize 
their properties to three aspects, namely electronic, magnetic and optical 
properties. The immense scientific and technological opportunities offered by 
GBs in TMDs are demonstrated in state-of-the-art experimental and 
theoretical studies in a variety of fields, including electronic devices and 
catalysis. How these novel phenomena and applications are associated with 
GBs are discussed in detail. 
 
1.4.2. Structures of GBs in TMDs  
A GB, as its name indicates, is the one-dimensional (1D) interface 
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between two crystalline domains that are translationally or rotationally 
mismatched with each other. The misalignment may come from nucleation 
that occurs randomly throughout the CVD growth59-61,72 or reconstruction of 
the perfect lattice induced by a large amount of defects73. Thanks to the 
copious studies of GBs in graphene, a well-established dislocation theory has 
been developed to describe the GB structures in 2D materials,70,74 and hence a 
brief introduction is given below. Lattice distortions at the GB region, which 
arise from the abrupt change in the regular ordering of atoms between two 
misaligned domains, are accommodated by the reconstruction of the 
hexagonal lattice into non-hexagonal rings called disclinations (e.g., pentagons 
or heptagons). Individual disclinations are energetically unfavorable because 
they will induce curvature in, and hence large strain on the host lattice21,75. A 
pair of complementary disclinations is much more stable due to the effective 
cancellation of their strain fields, which is called a dislocation core, such as 
the bond sharing pair of pentagon-heptagon rings (5|7 dislocation). Therefore 
GBs in 2D materials are often described as 1D arrays of dislocations. The 
lattice distortion induced by a dislocation can be quantified by the Burgers 
vector b. First, a closed loop travelled by a number of lattice vectors is 
constructed around the dislocation. Applying the same path of lattice vectors 
to a perfect lattice will result in an open loop, and the additional vector 
required to close this loop is called the Burgers vector. Since the strain energy 
is often proportional to |b|2,70 the relative stability of dislocations (hence the 
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likelihood of their formation) can be quickly estimated by sketching the 
Burgers vectors. For thermodynamically relaxed GBs, dislocations should 
form a more or less straight line with the distance between adjacent 
dislocations to be D, which is determined by the Burgers vector b and domain 
misorientation angle θ by the formula: D=b/sin ߠ.  
 
a. Twin GBs in TMDs 
Depending on the nature of domain mismatch, GBs can be categorized as 
twin boundaries (without rotational mismatch) or tilt boundaries (with 
rotational mismatch). It is well-known that twin GBs in graphene only contain 
the 8|5|5|8-type dislocations,75-77 partly because the 5-membered rings of sp2 
carbon are less strained than the 4-membered rings, and also the coupling of 
5|8 dislocations in opposite directions would result in a zero net Burgers 
vector and effective annihilation of their strain fields. Similarly, the 
8|5|5|8-type GB have been suggested as one possibility for twin GBs in TMDs 
(see right panel in Fig. 1.9a)78,79, which would have the smallest strain energy 
among all GB structures. However, experimental evidence on the existence of 
the 8|5|5|8-type GB was still lacking. Interestingly, the 4|4-type59,62,73,80,81 and 
8|4|4|8-type58,59 GBs (see left and middle panels in Fig. 1.9a) are frequently 
observed in TMDs. Recently, theoreticians have suggested that the existence 
of heteroatoms would affect strongly the GB structures in binary 2D materials 
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such as h-BN and TMDs70,82,83. In addition to the strain energy, stability of 
GBs also depends on the chemical energy, i.e., heteroatomic bonding is 
chemically more stable than the homoatomic bonding. Therefore the 
experimentally observed 4|4 and 8|4|4|8 dislocations in twin GBs of TMDs, 
which have zero net Burgers vectors and contain only heteroatomic bonds, can 
be qualitatively assigned as energetically favorable. Another feature unique to 
GBs in binary compounds is that depending on how atoms are shared by the 
two grains, GB structures can be categorized as transition metal-rich (e.g. 
Mo-rich) or chalcogen-rich (e.g., S-rich)78, which would have important 
implications for their electronic properties (see Fig. 1.9a)84.  
 
b. Tilt GBs in TMDs 
A similar methodology considering the delicate balance between strain 
and chemical energies can also be used to evaluate relative stabilities of tilt 
GBs in TMDs. 5|7 dislocations with a Burgers vector b=(1,0), although carry 
the lowest strain energy, are chemically less favorable due to the existence of 
homoatomic bonds (e.g. Mo-Mo or S-S, see middle panel of Fig. 1.9b). During 
CVD growth, it is highly possible that vacancies or adatoms can be 
dynamically generated at the 5|7 dislocations, leading to the formation of 4|6 
dislocations (if vacancies are incorporated into the 5|7 dislocations, see left 
panel of Fig. 1.9b), or 6|8 dislocations (if adatoms are incorporated into the 5|7 
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dislocations, see right panel in Fig. 1.9b). The 4|6 or 6|8 dislocations contain 
only heteroatomic bonds and have increased chemical stabilities. A recent 
theoretical report by Zou et al. shows that relative stability among the 4|6, 5|7 
and 6|8 dislocations in MoS2 depends sensitively on the chemical potential of 
sulfur relative to Mo in the growth condition83.  
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Figure 1.9 | GB structures in MoS2 (a) Top view of typical dislocations in 
twin GBs of MoS2. All GBs shown here have a zero net Burgers vector, 
originated from the coupling of dislocations with opposite Burgers vectors 
(individual dislocation represented by ٣). (b) Top view of typical dislocations 
in tilt GBs of MoS2. All dislocations shown here have the Burgers vector 
b=ma1+na2, where (m, n)=(1, 0). a1 and a2 are lattice vectors of the MoS2 unit 
cell. This is the smallest Burgers vector among that of all individual 
dislocations. One representative Burgers vector is superimposed onto the 
structure of the 5|7 S-rich dislocation. (c) High-resolution STEM image of a 
twin boundary in MoS2. Annotated lines indicating the GB position are drawn 
as a guide to the eye. Zoom-in image of the GB shows 1-D arrays of 
8|4|4|8-dislocations. Reproduced with permission from ref. 58, Copyright 
Nature Publishing Group. (d) High-resolution STEM image of a low angle 
(18.5°) tilt boundary in MoS2, which contains 6|8-dislocations (C) and 
5|7-dislocations (B). Reproduced with permission from ref. 59, Copyright 
American Chemical Society. 
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c. Experimental Observation of GBs in TMDs 
Early experimental observations of TMD GBs have been made in 2013, 
where scanning transmission electron microscopy (STEM) studies of CVD 
synthesized, monolayer MoS2 reveal the existence of 5|7, 4|6 and 6|8 
dislocations59,61 in tilt GBs (see Fig. 1.9d); as well as 8|4|4|8 dislocation pairs58 
(see Fig. 1.9c) and 4|4 dislocations59 in twin GBs. Most experimentally 
observed GBs would contain a mixture of low energy dislocations, reflecting 
the small difference in their formation energies. Later a special chevron-type 
4|4 dislocation78 has been observed in twin GBs of MoS285 and MoSe273 using 
STEM. Recently, several groups show that MoSe2 grown under Se-deficient 
conditions will give rise to a high dense network of twin GBs62,80,81 containing 
only the 4|4-type, Mo-rich dislocations, due to their high thermodynamic 
stability in Se-deficient MoSe2 sheets80.  
While the atomic structure of GBs can be obtained using high-resolution 
STEM or STM, these methods are limited to small-area measurements up to 
several micrometers, and they often require sophisticated instruments and 
time-consuming sample preparation procedures. Recently, a number of 
non-invasive, high-throughput optical spectroscopic methods have been 
developed for the quick identification of GBs and grain orientations in TMDs. 
One example is the second harmonic generation (SHG) microscopy 
measurement72,86, which is based on the fact that monolayer TMD films with 
broken inversion symmetry respond strongly to non-linear optical waves. 
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Firstly, non-linear optical waves will undergo destructive interference at GBs, 
leading to sharp contrast of GBs in the non-linear optical images. Secondly, 
the non-linear waves will be polarized along high symmetry directions of 
individual grains, enabling a fast mapping of the grain orientations by 
analyzing the polarized components of the SHG. Although the exact structure 
of the GB cannot be determined in optical measurements, information on the 
GB density and grain orientations would facilitate understanding of the growth 
dynamics72, as well as the identification and utilization of certain GBs, such as 
the twin GBs. Other optical measurements are based on the alignment of 
monolayer TMD with a capping layer, such as liquid crystals87 or another 
single crystal TMD layer88.  
 26 |  
 
1.4.3. Optoelectronic Properties of GBs in TMDs 
a. Electronic Properties of GBs in Transition Metal Dichalcogenides  
 
Figure 1.10 | GB states in MoS2 and effect on electrical transport (a) Band 
structure calculated for tilt GBs of MoS2 (7°, 13°, 22°). All GBs shown here 
have non-dispersive bands near the Fermi level (red dashed line). (b) Band 
structure calculated for the 4|4-type twin GBs, which shows a dispersive band 
across the Fermi level (red dashed line). (c) Spin resolved charge densities of 
the band across Fermi level, for the 7°, 13°, 22° tilt GBs. (d) Upper panel: 
relative energy levels of MoS2 band edges and the GB state, as well as the 
Fermi levels before charge redistribution. Bottom panel: alignment of Fermi 
levels in MoS2 and GB, and the corresponding band bending after charge 
redistribution. (e) SEM image of a typical MoS2 device featuring a single GB 
(19 ° ). (f) angle-dependent carrier mobility measured for GB devices. 
Reproduced with permission from ref. 91, Copyright Nature Publishing Group. 
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TMDs are ideal materials for transistor applications due to the superior 
carrier mobility (monolayer MoS2 ~few hundred cm2/Vs)13 and thickness 
dependent tunable band gap89. It is well-known that GBs will change the band 
structure of the host material and alters its optical and electronic properties 
considerably. Low-dimensional materials are particularly susceptible to the 
influence of GBs, due to their low carrier concentrations and reduction in 
Coulomb screening90. Therefore understanding how GBs affect the band 
structure of TMDs is of paramount importance for their device applications. 
Knowledge of the GB structures makes it possible to calculate their band 
structures directly: taking MoS2 as an example, a recent study combining 
device measurements and first-principle calculations show that various tilt 
GBs composed of 5|7 dislocations would give rise to bands that are almost 
non-dispersive91. The two non-dispersive GB bands, which originate mostly 
from the Mo 4d orbitals at the 5|7 dislocations, are highlighted by red and 
green dashed lines (see Fig. 1.10a). The same conclusion of the GB band 
dispersion has been reached in another DFT study, which shows that tilt GBs 
composed of 5|7, 4|6 or 6|8 dislocations; and some twin GBs composed of 4|8 
dislocations would give rise to flat bands with negligible dispersion for all 
misorientation angles simulated83. Non-dispersive regions of the band 
structure lead to van Hove singularities in the density of states92, i.e., GBs act 
as an electron sink and pin the Fermi level at energy levels within the MoS2 
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band gap. Fermi level alignment between GB states and the band of the host 
MoS2 lattice will result in charge redistribution and accumulation of charges 
near the GB region, a phenomenon known as the self-doping effect. The 
localized charge densities at dislocations (see Fig. 1.10c) may act as scattering 
centers and reduce inter-domain carrier mobilities in the polycrystalline MoS2 
film. In contrast to the tilt GBs and the 4|8-type twin GBs, DFT studies show 
that 4|4-type twin GBs would give rise to dispersive bands across the Fermi 
level (see Fig. 1.10b), a signature for completely delocalized states and 
metallic behavior78,83,91,93. The 4|4-type GBs can act as 1D metallic stripe 
within a semiconducting medium, which are less likely to reduce carrier 
mobility in the host lattice.  
Mid-gap states associated with GBs has been directly measured using 
scanning tunneling spectroscopy (STS)94. Effect of the GB states on carrier 
mobility has been revealed by delicate transport measurements across single 
GBs of MoS2 (a typical device is shown in Fig. 1.10e), which shows a positive 
correlation between inter-domain field effect mobility (ߤிா ) and domain 
misorientation angle (α), except for GBs with very small misorientation angles 
(Fig. 1.10f).91 Such transport phenomenon stems from the aforementioned 
self-doping effect of tilt GBs, where the charge density per unit length of GB 
decreases with an increasing misorientation angle. As a result, the band 
bending near a 13° tilt GB is larger than that near a 22° tilt GB (Fig. 1.10d), 
which means the 13° GB exhibits a higher electrostatic potential, leading to 
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reduced carrier mobility compared to the 22° GB (see Fig. 1.10f). On the 
other hand, electronic transport seems to be less affected by the 60° 4|4-type 
twin GBs, possibly due to the metallic nature and hence weak charging of the 
GB states. Another experimental study also demonstrates that transport 
properties of monolayer MoS2 tend to be degraded by tilt GBs, while not 
affected much by twin GBs, although the exact GB structures are not 
resolved95. Anomaly occurs in the angle-dependent carrier mobility for GBs 
with very low misorientation angles. The authors suggest that for GBs with 
misorientation angles smaller than 9° (i.e., separation between dislocations 
larger than 2nm), individual dislocations should be considered as isolated, and 
some charge carriers simply pass the GB via regions with unperturbed MoS2 
lattice, resulting in the overall increased carrier mobility. 
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b. Magnetic Properties of GBs in Transition Metal Dichalcogenides 
Electronic devices fabricated with 2D materials have already 
demonstrated outstanding performances, due to the superior carrier mobilities, 
good mechanical properties and great gate tunability. One great ambition 
envisaged by researchers is to introduce the spin degree of freedom to devices 
made with 2D materials for information storage and manipulation purposes. 
TMDs would potentially give rise to stronger magnetic properties than other 
2D materials, due to the strong spin-orbit coupling associated with the 
d-orbital of transition metal elements. Previously reported magnetism in 
graphene and 2D TMDs appears to originate from vacancies or zigzag 
edges96-98, which are likely to be unstable due to the presence of dangling 
bonds. Recently, Yakobson et al. have proposed that chemically stable GBs, or 
more specifically dislocations within GBs, may serve as sources of magnetism 
in 2D TMDs65. Based on density functional theory (DFT) studies, it was found 
that both the Mo-rich (Fig. 1.11b) and S-rich (Fig. 1.11d) 5|7 dislocations have 
a relatively large magnetic moment of μ ൌ 1.0ߤ஻. The magnetic moment 
comes from localized mid-gap states originated from Mo d-orbitals, denoted 
as the spin-polarized δ  and ߜ∗  states (Fig. 1.11). From the calculated 
electronic structure (Fig. 1.11a, c), it is evident that emergence of net 
magnetism requires an uneven occupation of the spin-up and spin-down states, 
which means magnetism in TMD GBs can be tuned by external gate voltages 
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to control the Fermi level. Because spin polarization mainly reside on 
localized states of dislocations, magnetism of GBs would be proportional to 
the density of dislocations. Increasing the domain misorientation angle to 
achieve a high density packing of 5|7 dislocations would be a feasible 
approach to enhance magnetism of GBs in TMDs (Fig. 1.11e). In the previous 
section, we have discussed that 5|7 dislocations are chemically less stable due 
to the homoatomic bonding and may readily convert to 4|6 or 6|8 dislocations 
in the presence of vacancies or adatoms. The 4|6 and 6|8 dislocations, however, 
are non-magnetic according to calculations by Yakobson and coworkers65. 
This means it would still be experimentally challenging to introduce magnetic 
GBs into TMD films due to a lack of selectivity towards the 5|7 dislocations in 
most growth experiments. Twin GBs composed of 4|8 dislocations, although 
support magnetic states, would have a zero net spin polarization, due to the 
antiferromagnetic alignment of spins on adjacent dislocations (Fig. 1.11f).  
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Figure 1.11 | Magnetic properties of GBs in MoS2 (a) Spin-polarized density 
of states (DOS) of a 9° GB composed of Mo-rich 5|7 dislocations. (b) 
Schematic energy level and their corresponding charge densities for the 
Mo-rich 5|7 dislocation. (c,d) Corresponding cases for a 9° GB composed of 
S-rich 5|7 dislocation. (e) Magnetic moment per unit length as a function of 
the tilt angle of GBs. (f) Energies of GBs composed of ferromagnetic 5|7 
dislocations (grey area) and antiferromagnetic 4|8 dislocations (blue area) as a 
function of tilt angle. Reproduced with permission from ref. 65, Copyright 
American Chemical Society.
 
c. Optical properties of GBs in Transition Metal Dichalcogenides 
Semiconducting 2D TMDs are ideal materials for optoelectronic 
applications due to their direct band gap at monolayer thickness89, high carrier 
mobility99, high mechanical stability and good transparency100. One 
representative case is the atomically thin light emitting diode (LED) consisting 
of one layer of MoS2 sandwiched by two layers of graphene electrodes, where 
injected charge carriers undergo radioactive recombination in MoS2 to produce 
red light with an attractive quantum efficiency of ~10%10. Another example of 
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novel applications is the recently demonstrated WSe2-based ambipolar 
transistor, which can function as an electrically switchable, circularly 
polarized light source, owing to the peculiar coupled spin-valley physics19 in 
certain monolayer TMDs including WSe247. Intrinsic defects including GBs, 
created during sample growth or processing, would affect the optical quality of 
TMDs considerably. Understanding how GBs may affect the optical quality 
would be important for the practical application of 2D TMDs in optoelectronic 
devices. Photoluminescence (PL) experiments allow researchers to quickly 
assess the optical quality of 2D TMDs, where the major figure of merit would 
be the PL intensity (or quantum efficiency) as it determines the energy 
conversion efficiency. PL intensity of 2D TMDs is known to be primarily 
affected by three factors. Firstly, mid-gap states associated with defects or GBs 
can trap excitons via the Auger process, leading to non-radioactive decay of 
excitons and hence reduction in the PL intensity101,102. Secondly, PL signals 
are susceptible to doping effect, which affects the relative population of 
excitons and trions in TMDs103-106. A trion state in TMDs refers to the bound 
state of an exciton with another electron or hole105. Natural and synthetic 
MoS2 are often n-doped, in which photogenerated excitons tend to acquire 
additional electrons to form negatively charged trions. The trion peak has a 
broader distribution than the exciton peak, which means the overall PL 
intensity would be reduced if the exciton spectral weight is transferred to the 
trion. The inverse correlation between PL intensity and trion population has 
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been demonstrated in several experiments where the trion populations in MoS2 
films are modulated via either electrical or chemical doping103-106. Thirdly, PL 
signals may be affected by the strain-induced exciton funneling55. It has been 
demonstrated experimentally that local strain up to 3% in MoS2 can reduce the 
band gap locally, creating a quantum well with a depth up to 90 meV55,57. 
Photogenerated excitons will move to the lower band gap region before 
recombination, leading to local enhancement of the PL intensity.  
The effect of GBs to PL signals has been explored in early experimental 
studies of GBs in MoS2 by Hone and coworkers in 201358. The authors have 
correlated GB structures with PL measurements and reached the conclusion 
that twin GB composed of 8|4|4|8 dislocations would give rise to reduced PL 
intensity (Fig. 1.12a-2), whereas tilt GB with 5|7 dislocations would increase 
the PL intensity locally (Fig. 1.12a-5). The increased PL intensity at tilt GBs 
was attributed to the local p-doping effect, which is consistent with the notable 
upshift of the spectrum medium by 26 meV (Fig. 1.12a-6) observed in tilt GBs. 
Based on the same argument, the authors suggested that the 8|4|4|8-type GBs 
observed in their experiments are molybdenum-rich, which would locally 
n-dope the MoS2 film to increase the trion population. However the spectrum 
medium was reported to upshift by 8 meV at the GB region (Fig. 1.12a-3), 
which indicates an increase in the exciton spectral weight or exciton 
population. Therefore we suggest the overall reduced PL intensity might be 
related to other factors, such as the defect-induced non-radioactive decay of 
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the excitons. The mechanism of PL intensity modulation at GBs can be clearly 
elucidated by ultra-fast pump-probe studies102 or high resolution PL spectrum 
with proper fitting of the exciton and trion peaks107. In a recent experiment 
carried out by Schuck and coworkers, it was shown that GBs in MoS2 will 
locally reduce the PL intensity (Fig. 1.12b), which is also attributed to local 
exciton to trion conversion originated from the n-doping effect at the GB 
regions107. High-resolution PL spectra were obtained to accurately determine 
the population of excitons and trions (Fig. 1.12c). The sulfur-deficiency at 
GBs, which is responsible for the local n-doping, was confirmed by 
nano-Auger elemental mapping. Other than the doping effect, experiments 
performed by Lou and coworkers have shown that local strain induced by GBs 
may also contribute to the modulation of the PL intensity56. The authors 
observed an enhancement in PL intensity up to 250% at twin GBs in their 
experiments (Fig. 1.12d-1, 3), in contrast to the reduced PL intensity reported 
by Hone et al.58. The small upshift of ~5 meV in the spectral medium (Fig. 
1.12d-2, 4) is comparable to results reported by Hone et al. (small upshift by 
8meV), suggesting little contribution from the doping effect. The increased 
tensile strain native to GBs was proposed to be responsible for the enhanced 
PL intensity, possibly due to the strain funneling effect. It should be mentioned 
that although many experiments have identified that GBs affect the PL 
spectrum significantly, the complex physical scenario behind such 
modulations was not well understood yet, which could be clarified by 
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well-designed experiments and proper experimental techniques. 
 
 
Figure 1.12 | Photoluminescence (PL) of MoS2 modulated by GBs (a) 
optical properties of MoS2 islands containing twin (1-3) and tilt (4-6) GBs, 
where twin GB gives reduced PL intensity and an upshift of the spectral 
medium by 8 meV (2-3); tilt GB gives enhanced PL intensity and an upshift of 
the spectral medium by 26 meV (5-6). Reproduced with permission from ref. 
58, Copyright Nature Publishing Group. (b) PL mapping of MoS2 islands with 
tilt GBs, where the GB region gives reduced PL intensity. (c) high-resolution 
PL spectrum collected after long integration, where exciton and trion peaks 
can be fitted accurately. Reproduced with permission from ref. 107, Copyright 
Nature Publishing Group.  (d) PL mapping of MoS2 islands with twin GBs, 
where the GB region gives enhanced PL intensity (1,3) and upshift of the 
spectral medium by 5 meV (2,4). Reproduced with permission from ref. 56, 
Copyright Nature Publishing Group.  
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1.4.4. Novel electronic functionality of GBs in TMD  
As we have discussed in previous sections, GBs in layered TMDs often 
act as scattering centers for charge carriers and degrade the transport 
performance of devices. However, increasingly, experimental and theoretical 
studies have suggested that GBs, when introduced or manipulated in 
controllable ways, could give rise to additional tunabilities or functionalities to 
the TMD sheets. Here a few interesting examples are listed, which suggest that 
GB engineering and applications would be an exciting direction in transition 
metal chalcogenide studies.   
    
a. Strain induced band gap renormalization near GBs.  
Introducing strain to a semiconductor often exerts significant modulation 
on its band energies and band gap, because covalent interaction between 
orbitals is affected by the bond length, which in turn depends on the local 
strain field108. There have been a few studies utilizing external strain induced 
by substrates, either by purposely bending flexible substrates or cooling the 
sample and substrate with different thermal expansion coefficients, to tune the 
band structures of TMDs55,56,108-110. Recently, the possibility of using GBs to 
exert local strain fields to TMD sheets has been explored by Wee and his 
colleagues63,94. One earlier work by Wee et al. shows that tilt GBs in 
monolayer MoS2 will exhibit reduced band gaps compared to pristine areas, 
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which is attributed to the intrinsic strain associated with the GBs63. For GBs 
with larger misorientation angles, the magnitudes of band gap reduction are 
larger, which is consistent with the previous observation that GBs with larger 
misorientation angles have higher strain fields111. In a more recent work, it was 
shown that small angle GBs (with misorientation angles up to 6°) in WSe2 
contain only the 4|6 dislocations, which would give rise to multiple mid-gap 
states94. Small misorientation angles often suggest small strain fields, and 
indeed little band gap reduction was observed at the GBs compared to the host 
lattice. However, the mid-gap states of 4|6 dislocations respond swiftly to the 
small intrinsic strain exerted by small angle GBs. Scanning tunneling 
spectroscopy (STS) revealed a notable shift of ~0.3 eV for the defect states in 
two GBs with a small difference between their domain misorientation angles 
of 3.5° and 4.5° (Fig. 1.13a). The magnitude of intrinsic strain at the GB 
region can be manipulated by engineering the domain misorientation angle. 
Therefore GB-induced modification on the TMD band structure would 
provide researchers with an additional strategy to design functional electronic 
structures in the 2D TMD films, such as quantum wells composed of GBs 
sandwiched by adjacent TMD domains, which can be utilized for light 
harvesting57,108 or exciton funneling55.  
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b. Gate-tunable memristive phenomena mediated by GBs in MoS2.  
The memristor is a new type of device architectures for logic or memory 
transistors in integrated circuits, originally proposed by Leon Chua in 1971112 
and recently realized by Williams et al. in 2008113. This new technology offers 
many advantages over conventional transistor architectures such as faster 
speed and less power consumption. Recently, Hersam and his coworkers have 
developed the world’s first gate tunable, 2D memristor devices, based on GBs 
in monolayer MoS264. In their work, the MoS2 memristor device functions by 
having two bistable states called the high-resistance state (HRS) and the 
low-resistance state (LRS), which can be reversibly switched by applying bias 
sweeps. Depending on how GBs are positioned relative to the electrodes, 
devices can be categorized as intersecting-GB (GBs connected with only one 
electrode, see Fig. 1.13b-1), bisecting-GB (GBs connected with neither 
electrode, see Fig. 1.13b-2) and bridge-GB memristors (GBs connected with 
both electrodes). The devices are switched from HRS to LRS during the set 
process and from LRS to HRS during the reset process. The underlying 
switching mechanism was studied by electrostatic force microscopy (EFM), 
which suggest that the resistance is tuned by dopants (mostly sulfur vacancies) 
moving from the GB region to the depleted region or vice versa in the set or 
reset process. The highest switching ratio of ~103 was achieved with the 
intersecting-GB devices. One notable feature of the 2D memristor devices is 
the gate tunability originated from the intrinsically low carrier density and 
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reduced screening in 2D materials. The authors demonstrated that by tuning 
the gate voltage, the set voltage (minimal voltage required to switch the device 
to the LRS state or the on state) can be tuned in the intersecting-GB 
memristors (see Fig. 1.13b-3) to afford fault-tolerant architectures. For the 
bisecting-GB memristors, the sheet resistance can be continuously tuned 
whereas the hysteresis loop and set voltage remain unchanged with different 
gate voltage (see Fig. 1.13b-4).  
 
c. Charge density wave in MoS2 twin boundaries.  
Certain GBs in TMDs are metallic such as the mirror twin boundary 
(MTB) consisting of 4|4 dislocations (Fig. 1.13c-1). These metallic 1-D wires 
embedded in a semiconducting 2D host lattice are particularly interesting due 
to the strong electron-electron or electron-phonon interactions, which are 
responsible for emergent phenomena such as charge density wave (CDW) or 
superconductivity. The existence of CDW order in the MTB of MoSe2 has 
been experimentally verified recently62. Electron waves near the Fermi level 
(wave vector K=ߨ 3ܽൗ ) will undergo Bragg diffraction with atoms in the MTB 
(energy transferred from electrons to phonons), resulting in waves travelling in 
opposite directions. Density functional theory (DFT) studies show that the 
electron-phonon interaction will result in physical displacement of atoms in 
the MTB by 5 pm, open up a considerably large band gap of 100 meV, and 
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give rise to two standing waves that are out of phase to each other (Fig. 
1.13c-2,3). The predicted results have been verified by the tunneling spectrum 
(Fig. 1.13c-4) and dI/dV mapping of local density of states near the Fermi 
level (Fig. 1.13c-5). The measured wavelength was approximately three lattice 
constants (3a), in good agreement with theoretical predictions. The strong 
electron-phonon coupling in the MTB structure also points towards the 
possibility of superconducting phases, which may emerge from the quantum 
critical point of the density wave order induced by high electron doping, high 
pressure or low temperature.  
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Figure 1.13 | GBs introduce new functionalities to TMDs (a) Combined 
STM and DFT studies show that strain associated with GBs will shift the 
energy level of the mid-gap GB state considerably. Reproduced with 
permission from ref. 94, Copyright American Chemical Society. (b) 
Gate-tunable I-V characteristics of intersecting-GB and bisecting-GB 
memristors, where the intersecting-GB memristor exhibits gate-tunable set 
voltage, and the bisecting-GB memristor exhibits gate-tunable resistance 
values in each of the bistable states. Reproduced with permission from ref. 64, 
Copyright Nature Publishing Group. (c) (1) nc-AFM image of the atomic 
structure of MoSe2 mirror twin boundary (MTB), where the 4|4-Mo rich 
dislocations cores are clearly resolved. (2) Schematic of the tripled cell along 
the MTB (solid black lines). Red arrows indicate the induced atomic 
displacements of 5pm. (3) Calculated band structure of the metallic state near 
the edge of the first Brillouin zone. It shows a gap opening induced by Peierls 
distortion. (4) Projected density of states (PDOS) showing the gap opening 
when a Peierls distortion was introduced (red), along with the experimental 
dI/dV spectrum (black). (5) Simulated LDOS of the occupied (Ψି) and 
unoccupied ( Ψା ) states of the distorted MTB, showing out-of-phase 
modulations similar to the experimental conductance maps. Reproduced with 
permission from ref. 62, Copyright Nature Publishing Group.
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1.4.5 Catalysis and chemical sensing with GBs in TMDs 
Earth abundant TMDs such as MoS2 are one of the most important 
class of non-noble metal based catalysts, which have been widely used in 
important chemical processes such as hydrogen evolution reaction (HER)114 
and hydrodesulfurization (HDS) 115. The major limitation of TMD-based 
catalysts is that only the edge sites turnover reactions and the abundant basal 
plane atoms remain largely inactive. Recently, defect engineering has been 
considered as a promising approach to activate the basal planes of TMDs51,52. 
It was proposed by NØskov et al. that the adsorption energy (and hence the 
catalytic activity) depends on the electronic structure of the surface116. For 
example, by introducing sulfur vacancies on the basal plane of MoS2, 
localized states near the Fermi level were generated for efficient hydrogen 
adsorption. It was experimentally demonstrated that defective MoS2 films 
indeed give rise to enhanced HER performance52, but the MoS2 crystals 
become increasingly unstable with a higher density of defects51,52. 
Alternatively, GBs containing dislocations may also increase catalytic activity 
of the TMD basal planes because they exhibit localized mid-gap states. 
Compared to point defects and vacancy sites, GBs are free of dangling bonds 
and hence likely to be more stable.  
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Figure 1.14 | Catalysis and chemical sensing with GBs in TMDs (a) The 
most stable adsorption positions for single H atom adsorbed at different GBs. 
(b) Gibbs free energies of the HER process catalyzed by different GBs and the 
Pt surface. Reproduced with permission from ref. 117, Copyright American 
Chemical Society. (c) False-color SEM image of a typical fabricated 
GB-sensing platform (scale bar, 5 μm). (d) Sensing signal for the dimethyl 
methylphosphonate (DMMP) and1,2Dichlorobenzene (DCB) gas molecules. 
Reproduced with permission from ref. 118, Copyright Nature Publishing 
Group.
 
In a recent study, catalytic activity of various GBs in MoS2 has been 
explored using first principle calculations117. Tilt GBs composed of 5|7 
dislocations and twin GBs composed of 4|4, 4|8 or 5|8 dislocations have been 
studied, and it was found that both the adsorption site and the Gibbs free 
energy for adsorption depend sensitively on the structure of dislocations. For 
most dislocations, hydrogen adsorption occurs at the bridging position 
between two Mo atoms, except for the 4|4-Mo rich and S bridge dislocations, 
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where hydrogen atoms adsorb on sulfur atoms (Fig. 1.14a). The Gibbs free 
energy for adsorption (∆G) is given in Fig. 1.14b, where positive values 
correspond to endothermic processes and negative values correspond to 
exothermic processes. The adsorption energy on pristine MoS2 was reported to 
be above 2 eV52, hence all GBs reported here exhibit enhanced catalytic 
activity compared to the basal planes. The most efficient HER catalyst should 
have hydrogen adsorptions that are neither too strong nor too weak. For 
adsorptions that are too weak, protons may not bind to the active sites for 
efficient electron transfer, and for adsorptions that are too strong, release of the 
gaseous H2 may be inhibited. Intriguingly, only certain dislocations give 
optimal hydrogen adsorption energies and hence carry desirable catalytic 
activities. This leads to the possibility of tailoring the catalytic activity of 
TMD films by controlling the density and structure of GBs within the basal 
planes.  
Due to the enhanced activity for adsorption at GBs, one interesting 
possibility would be to use them in chemical sensing applications. Chemical or 
biological sensing is achieved based on transistors, where change in electrical 
resistance of the channel material is measured upon the adsorption of 
molecules. Compared to pristine domains, GBs in TMDs have two advantages 
that may improve the performance of the sensor: first, resistance of the device 
is predominantly determined by the resistance of the GBs, because they are the 
major sources of electrostatic scattering; second, due to the presence of 
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localized mid-gap states, molecules would adsorb more strongly on GBs 
compared to the pristine domains. Upon the adsorption of either 
electron-donating or electron-withdrawing molecules at GBs, resistance of the 
device will change more significantly and hence give higher sensitivity. Such 
phenomenon has been experimentally observed in devices fabricated with 
graphene grain boundaries (Fig. 1.14c-d)118. Similarly, we believe that the 
sensitivity of TMD-based chemical sensors can be significantly improved if 
GBs were intentionally introduced.  
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1.5 Nanoribbons of 2D materials  
1.5.1 Graphene nanoribbons (GNRs)  
If 2D materials are further confined laterally, forming 0D quantum dots 
or 1D nanoribbon, novel properties may emerge due to quantum confinement 
effect or strong quantum correlation between the edge states. For example, 1D 
graphene nanoribbons with armchair edges (AGNR) and sub-10nm widths 
have a sizable band gap ranging from 0.5 eV to 2 eV119 originated from the 
quantum confinement effect, which is suitable for digital transistor 
applications. On the other hand, quantum correlation (specifically the 
electron-electron interaction) in zigzag graphene nanoribbons (ZGNR) will 
give rise to anti-ferromagnetism between the edge states.  
These novel properties inspired researchers to prepare graphene ribbons 
via different approaches, including the chemical unzipping of the carbon 
nanotube120,121, STM lithography122 and patterned growth on silicon carbide123. 
However, these methods have the common drawback of lacking precise 
control of width or the edge structure. Recently, chemists have demonstrated 
the remarkable result that by using tailored molecules precursors, atomically 
precise – meaning having the exact number of carbon atoms along the 
transverse direction and a specific edge configuration – graphene nanoribbons 
can be prepared (see Fig. 1.15)124. These precursors share the same design 
principle: first, molecules containing bromine functional groups will undergo 
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debromation and subsequent aryl-aryl coupling to form linear polymeric 
chains (polymerization); second, dehydrogenation will be induced at a slightly 
higher temperature and the free radicals within bonding distance in the 
polymeric chain will couple to form the graphene nanoribbon (cyclization).   
 
 
Figure 1.15 | Schematic illustration of atomically-precise armchair and 
zigzag ribbon (a) Structure of armchair and zigzag graphene nanoribbons, and 
an exemplary anthracene-based molecular precursor for the bottom-up 
fabrication of AGNRs via aryl–aryl coupling (X = halogen). (b) U-shaped 
dibenzo[a,j]anthracene monomer 1 with halogen functions R1 = Br designed to 
enable surface-assisted aryl–aryl coupling into a snake-like polymer along the 
zigzag direction. (c) Monomer 1a, with an additional dimethyl-biphenyl group 
in the interior of the U-shape (R2 position), which is designed to afford a 
6-ZGNR upon polymerization (step 1) and subsequent cyclization (step 2). 
Reproduced with permission from ref. 124, Copy right Nature Publishing 
Group. 
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The synthetic, bottom-up approach has offered great flexibility in 
designing different types of graphene nanoribbons by tuning the molecular 
precursors. For example, graphene nanoribbons with atomically precise 
doping by nitrogen125 atoms have been successfully prepared, which could 
serve as gas sensors or 1-D PN junctions. Another type of GNR heterojunction 
with different width of the segments have been prepared using two types of 
molecular precursors126, which serves as a 1-D quantum well with a small 
band gap segment sandwiched by two large band gap segments (Fig. 1.16).  
 
 
Figure 1.16 | Heterojunction of graphene nanoribbon (a) Synthesis of 7–13 
GNR heterojunctions from molecular building blocks 1 and 2, which are 
co-deposited onto a pristine Au(111) surface. (b) High-resolution STM 
topograph of a 7–13 GNR heterojunction. Inset: Larger-scale STM image of 
multiple GNR heterojunctions, showing a variety of segment lengths. 
Reproduced with permission from ref. 125, Copy right Nature Publishing 
Group. 
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Figure 1.17 | antiferromagnetic coupling of spin across ribbon (a) 
Atomically-resolved topography of the terminal edge of an (8, 1) GNR with 
measured width of 19.5±0.4 nm. (b) Structural model of the (8, 1) GNR edge 
shown in (a). (c) dI/dV spectra of the GNR edge shown in (a) measured at 
different points (black dots, as shown) along a line perpendicular to the GNR 
edge at T=7 K. Inset shows a higher resolution dI/dV spectrum for the edge of 
a (5, 2) GNR with width of 15.6±0.1 nm. (d) dI/dV spectra measured at 
different points (red dots, as shown) along a line parallel to the GNR edge 
shown in (a) at T=7 K. Reproduced with permission from ref. 127, Copy right 
Nature Publishing Group.
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The theoretically predicted spin-polarized edge states in ZGNR has been 
experimentally verified by Crommie and co-workers127. The zigzag ribbon 
was prepared by chemical unzipping of the carbon nanotube and subsequent 
drop casting on Au(111). One graphene nanoribbon with segments of zigzag 
edges separated by a series of kinks was shown in Fig. 1.17a, b. The local 
density of states was probed by scanning tunneling spectroscopy (STS), where 
two distinctive peaks were observed near the Fermi level. These peaks are 
assigned as the edge states, since they are spatially localized near the edge and 
vanish rapidly if the tip was moved to the interior of the ribbon (Fig. 1.17c). 
The edge states of the ZGNR are spin-polarized due to the quantum 
correlation between the two edge states. The energy gap of the two polarized 
states increases with the decreasing ribbon width, as the quantum correlation 
effect is more significant for narrower ribbons (see inset of Fig. 1.17c). 
However, presence of the kinks at the zigzag edge will disrupt the edge states, 
as shown in Fig. 1.17d, where the edge states disappear at certain positions 
corresponding to the kinks along the edge. Such structural imperfections will 
become undesirable scatters for spin transport along the edge of the ZGNR. 
Recently, GNR with zigzag edges have been prepared on Au substrates, using 
the molecular precursor 1a shown in Figure. 1.15b. The high quality ribbon 
structure was verified by q-plus frequency shift atomic force microscopy 
(AFM), with each carbon-carbon bond clearly resolved (Fig. 1.18).  
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Figure 1.18 | Zigzag graphene nanoribbon (a) Large-scale STM image of 
the Au(111) surface after deposition of monomer 1a in Figure 1.16, on the 
surface held at 475 K. Formation of snake-like polymers is observed. Inset, 
high-resolution STM image of the polymer. Zigzag alternation of bright 
maxima indicates the lifting and/or tilting of the phenyl rings carrying the 
methyl groups. A structural model is superimposed for comparison. (b) 
Large-scale STM image of the Au(111) surface after annealing at 625 K. The 
flatter appearance, reduced apparent height and lack of internal structure 
indicate the complete cyclodehydrogenation of the polymers and the formation 
of 6-ZGNRs. Inset, high-resolution STM of a 6-ZGNR. (c) Constant height 
nc-AFM frequency shift image taken with a CO-functionalized tip. The 
intra-ribbon resolution shows the formation of a 6-ZGNR with atomically 
precise CH edges. Reproduced with permission from ref. 124, Copy right 
Nature Publishing Group. 
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1.5.2 Half-metallicity in zigzag MoS2 nanoribbons  
The extraordinary properties of graphene nanoribbons also inspired 
researchers to study the electronic properties of MoS2 nanoribbons66,128. Ciraci 
and co-workers reported that armchair MoS2 ribbons are direct band gap 
semiconductors66. Unlike armchair graphene ribbons, the band gap is not 
affected by the quantum confinement effect, but oscillating around 0.55 eV 
with different widths. This means controlling the width of the armchair ribbon 
will not affect much of its electronic property. However, zigzag MoS2 
nanoribbon presents intriguing magnetic properties, partly due to the strong 
SOC of the Mo d-orbitals, as well as the explicitly broken A-B sublattice 
symmetry of monolayer MoS219. It was shown that a zigzag MoS2 ribbon is 
consisted of one Mo-terminated edge and one S-terminated edge, where the 
Mo-edge will lower its energy by doing a spontaneous (2x1) reconstruction to 
share the bridging disulfide. Such reconstruction was experimentally observed 
in triangular MoS2 islands with Mo-edges129. With the reconstructed Mo-edge, 
the band structure of zigzag MoS2 ribbon was calculated to be half-metallic 
(see Fig. 1.19a), meaning that the majority spin (spin-up) bands are metallic, 
while the minority spin bands (spin-down) are semiconducting with an indirect 
gap. This results in the selective conducting behavior of electrons with the 
spin-up character, while electrons with the spin-down character cannot be 
moved. This has practical implication for spintronic applications. The authors 
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also demonstrated that such half-metallic behavior will be destroyed if 
hydrogen atoms adsorb on the edge Mo or S atoms.  
 
 
Figure 1.19 | Atomic and energy band structure of bare and hydrogen 
saturated zigzag nanoribbon Z-MoS2NR. (upper panels) The top and side 
views of the atomic structure together with the difference of spin-up and 
spin-down charges (shown by yellow and turquoise isosurfaces, respectively) 
Large (purple), medium (yellow) and small (blue) balls are Mo, S, and H 
atoms, respectively. (bottom panels) Energy bands with solid (blue) and 
dashed (red) lines show spin-up and spin-down states, respectively. (a) The 
bare Z-MoS2NR having μ = 2 μB per cell displays half-metallic properties. (b) 
Spin-polarized ground state of Z-MoS2NR with Mo atoms at one edge and 
bottom S atoms at the other are passivated by single hydrogen. (c) Similar to 
part b, but Mo atoms are passivated by two hydrogen atoms. (d) Similar to part 
c, but top S atoms at the other edge are also passivated by single hydrogen 
atoms. The net magnetic moment of each case is indicated below the 
corresponding band panels. Reproduced with permission from ref. 66, Copy 
right American Chemical Society. 
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1.6 SPECS joint STM-ARPES system  
STM and XPS measurements are performed in the joint STM-ARPES 
system (Fig. 1.20). The sample preparation chamber contains a transfer arm 
with heating stage, a sputter gun for the ion milling of metal substrates, a 
precision leak valve for the inlet of gaseous species such as O2, H2 or H2S. A 
molecular effusion cell operates from room temperature to 700 Ԩ  via 
resistive heating can be used to deposit most of the organic molecules. An 
electron-beam evaporation source is used to deposit high-melting point 
elements such as Mo (melting point: 2600 Ԩ) by local heating via high 
energy electron bombardment. Samples can be studied by STM or transferred 
into to the XPS/UPS/ARPES analysis chamber via transfer chamber for 
spectroscopic measurements. 
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Figure 1.20 | Setup of the SPECS joint STM-ARPES system   
 
The scanning tunneling microscopy (STM) has a sharp conducting metal 
tip glued on a tube piezoelectric scanner. The tip scans across a flat conducting 
sample with a small vacuum gap. When a bias is applied between tip and 
sample, a tunneling current can be detected as a function of tip location (x,y), 
tip sample distance z and the bias voltage V. The detected tunneling current is 
amplified and sent to a feedback loop to control the piezoelectric scanner, such 
that the tunneling current is kept constant. Because the tunneling current 
depends sensitively on the overlap of the wave functions between tip and 
sample, in principle, topographic corrugations on the sample surface can be 
imaged with sub-atomic resolution.  
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To achieve high spatial resolution, it is important to have a tip that is 
atomically sharp. If a blunt tip is used, the tip wave function can effectively 
overlap with the wave functions from several atoms, thus placing the tip on 
different surface sites would not change the tunneling current significantly. If a 
tip with an irregular apex is used, the wave function of an atom from the 
sample surface can overlap with wave functions from several atoms in the tip 
apex, creating the “multi-tip” effect. This means one atom will be imaged 
multiple times when we raster the tip over it. The STM tip is usually 
sharpened by in situ Ar+ plasma sputtering or controlled indentation on a clean 
Au or Cu substrate.  
Although STM can probe the sample surface with high spatial resolution, 
it generally lacks element selectivity to determine the chemical identity of the 
surface. XPS is a useful characterization technique which provides 
information for the charge state and chemical environment of elements in a 
sample, based on which the empirical composition formula can be given. 
Typical XPS setups include a X-ray source, an electron energy analyzer and a 
detector, usually mounted in a ultrahigh vacuum (UHV) chamber. X-ray 
illuminated on a sample will excite the core-level electrons within 1-10nm 
under the surface. Emitted electrons will be collected and their kinetic energies 
analyzed by the detector. The binding energy of core-level electrons can be 
determined based on the following formula:  
ܧ௕௜௡ௗ௜௡௚	௘௡௘௥௚௬ ൌ ܧ௣௛௢௧௢௡ െ ሺܧ௞௜௡௘௧௜௖ ൅ ߶ሻ 
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Where ܧ௣௛௢௧௢௡ is the energy of the incident X-ray, ܧ௞௜௡௘௧௜௖ is the kinetic 
energy of electron collected by detector, and ߶ is the work function of the 
spectrometer.  
 
1.7 Scope of the thesis  
The remarkable properties of graphene and MoS2, including the high 
intrinsic carrier mobilities, high mechanical strength and intriguing valley 
degree of freedom, have made them attractive materials for next-generation 
optoelectronic devices. In both natural and synthetic 2D materials, structural 
imperfections will inevitably exist, which affect strongly their physical and 
chemical properties. Understanding these structural imperfections is crucial 
for the accurate estimation of the properties of 2D materials. Moreover, if 
these structural imperfections are introduced in a controlled manner, it may 
alter the properties of the host material in potentially useful ways. The 
structures and properties, as well as their potential applications are reviewed in 
this chapter.  
Chapter 2 is a detailed study of the periodic GBs in graphene. It is 
well-known that CVD or UHV growth of graphene will inevitably introduce 
GBs, which act as scattering centers to degrade the charge transport 
performance of graphene. We demonstrated that through thermal annealing, 
aperiodic GBs will relax into periodic, straight GBs, the later are 
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thermodynamically more stable. In situ scanning tunneling microscopy (STM) 
provided detailed structures of these periodic GBs. The graphene film hosting 
these boundaries were successfully isolated from the metal substrate via 
reactive intercalation using oxygen, and well-defined local electronic states of 
quasi-freestanding GBs were measured by scanning tunneling spectrum (STS).   
Moving to Chapter 3, we studied how to generate high density 
coordinatively unsaturated surface sites on the basal plane of molybdenum 
sulfide compounds, which is important for the catalytic performance of these 
materials. The approach we adopted was to use a sulfur-enriched copper 
substrate, which act as a template to provide certain interfacial stabilization to 
promote the nucleation of a new phase of molybdenum sulfide (MoSx) with 
metal-rich basal planes, in contrast to the MoS2 basal planes fully terminated 
by sulfur atoms. In situ STM characterized the structure and electronic 
properties of this material, and spectroscopic studies provided information on 
its chemical composition. By combing experimental evidences with density 
functional theory (DFT) studies, the structure of this new molybdenum sulfide 
phase was proposed.  
In Chapter 4, the metal-centered catalysis on the basal plane of MoSx was 
studied. The wide applicability of this compound in catalysis was 
demonstrated with the Ullmann type coupling reaction of organic molecules 
and the reactive chemisorption of molecular hydrogen. Successful 
demonstration of these two reactions points to the promise of the application 
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of MoSx in industrially important hydrogen transfer reactions, as well as the 
possibilities of synthesizing a large class of transition metal chalcogenides 
(TMDs) with rich chemical and physical properties.  
In Chapter 5, one-dimensional (1D) molybdenum sulfide ribbons with 
zigzag edge terminations were prepared along the step edges of vicinal gold 
substrates. The exact width and edge-termination of these ribbons were 
determined by STM. As discussed in Chapter 1, the zigzag MoS2 ribbons are 
theoretically predicted to be half-metallic thus could serve as good conductors 
for spintronic devices. The results presented here is the first experimental 
demonstration of well-defined zigzag MoS2 ribbons.  
In summary, the findings and efforts in this thesis have advanced the 
understanding of structural imperfections in 2D materials, including 1D grain 
boundaries in graphene, undercoordinated surface sites in molybdenum sulfide 
and 1D edge states in nano-confined MoS2 ribbons. It is demonstrated in this 
thesis that structural imperfections can introduce new properties to 2D 
materials, and give rise to potential useful applications beyond their pristine, 
structurally perfect counterparts.  
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CHAPTER 2 Periodic Grain Boundaries Formed by 
Thermal Reconstruction of Polycrystalline Graphene Film 
 
Abstract 
Grain boundaries consisting of dislocation cores arranged in a periodic 
manner have well-defined structures and peculiar properties and can be 
potentially applied as conducting circuits, plasmon reflectors and phase 
retarders. Pentagon-heptagon (5-7) pairs or pentagon-octagon-pentagon (5-8-5) 
carbon rings are known to exist in graphene grain boundaries. However, there 
are few systematic experimental studies on the formation, structure and 
distribution of periodic grain boundaries in graphene. Herein, scanning 
tunneling microscopy (STM) was applied to study periodic grain boundaries in 
monolayer graphene grown on a weakly interacting Cu(111) crystal. The 
periodic grain boundaries are formed after the thermal reconstruction of 
aperiodic boundaries, their structures agree well with the prediction of the 
coincident-site-lattice (CSL) theory. Periodic grain boundaries in 
quasi-freestanding graphene give sharp LDOS peaks in the tunneling spectra 
as opposed to the broad peaks of the aperiodic boundaries. This suggests that 
grain boundaries with high structural quality can introduce well-defined 
electronic states in graphene and modify its electronic properties. 
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2.1 Introduction  
Grain boundaries (GBs) in graphene have attracted much research 
interest recently as they affect the mechanical, electrical and chemical 
properties of the host material1-3. Transmission electron microscopy (TEM) 
studies4-6 reveal that the graphene grains are stitched together by 
non-hexagonal carbon rings such as pentagons and heptagons. Pentagons will 
pair up with heptagons or octagons to form dislocation cores to reduce the 
strain in the graphene membrane7. Depending on whether dislocation cores are 
arranged in a periodic manner or not, GBs can be classified as periodic and 
aperiodic. While aperiodic GBs act as electron scattering centers and degrade 
the electric conductivity of graphene2,8, periodic GBs are predicted to have 
peculiar properties such as high mechanical strength9,10, magnetism11,12, and 
the presence of a well-defined transport gap13. The controlled formation of 
periodic GBs can be useful in tailoring the material properties and to construct 
graphene-based nanoscale devices. However, the ability to produce periodic 
GBs in graphene remains an experimental challenge. Apart from the recently 
reported 5-8-5 periodic GBs in graphene grown on nickel14 and the GB loop in 
graphene grown on SiC(0001)15, most experimentally observed GBs in 
graphene are meandering and aperiodic16-23.   
GBs in graphene can be geometrically constructed from the connection of 
two displaced half-lattices by adding carbon atoms to fill the gap or 
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subtracting carbon atoms to prevent overlap24. The domain orientation in 
polycrystalline graphene is strongly affected by the substrate. For example, the 
formation of 5-8-5 periodic GBs in Ni(111) is governed by the 
graphene-substrate interaction. The 5-8-5 periodic GBs come from the parallel 
translation of two graphene domains, with unit cell vectors a1 and a2, by the 
burgers vector b=1/3(a1+a2)14.  The strong interaction and close epitaxial 
relationship25 between graphene and Ni(111) are crucial for such a domain 
displacement to occur spontaneously during graphene growth. However, the 
strong interaction also renders other types of domain displacements 
energetically unfavorable, which makes the formation of other periodic GBs 
highly unlikely. Recently, GB migration and reconstruction induced by 
electron beam irradiation has been observed by Kaiser et al. in freestanding 
graphene using high-resolution transmission electron microscopy (HRTEM)5. 
An interesting question arises to the type of GBs which will appear if the 
graphene is grown and annealed on a weakly interacting substrate such as 
copper. To this end, we carried out systematic STM studies to gain atomic 
insights into the formation of periodic grain boundaries on Cu(111) with a 
view towards understanding the electronic properties of decoupled GBs.
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2.2 Methods                                
2.2.1 Growth of graphene on Cu  
The experiments were performed in an ultrahigh vacuum chamber (UHV) 
with a base pressure of 8 ൈ 10ିଵଵ mbar. A UHV STM unit (SPECS high 
temperature-STM 150 Aarhus) is used for imaging and spectroscopy studies. 
The Cu(111) surface (Mateck) was cleaned by repeated argon ion sputtering at 
p(Ar)= 1 ൈ 10ିହ mbar, 1.5 keV, followed by annealing in the preparation 
chamber (base pressure 1 ൈ 10ିଽ mbar) at ~600 ℃. Coronene molecules 
were evaporated at 130 ℃ for 15 min (for the growth of graphene films) or 8 
min (for the growth of graphene islands) onto the clean Cu(111) surface with 
Knudsen cells (MBE-Komponenten, Germany). Subsequently, the substrate 
was annealed at ~600 ℃ for 15 min to grow graphene. The as-grown sample 
was annealed at ~600 ℃ for thermal reconstruction. After growth or annealing, 
sample was characterized by STM in the main chamber at ~20 ℃.  
2.2.2 Oxygen intercalation of graphene on Cu 
Oxygen was leaked into the UHV chamber in the pressure range of 
1×10-7 mbar. The copper substrate which was pre-grown with graphene islands 
was heated at 100 ºC for 1 h to facilitate oxygen diffusion at the interface 
between graphene and copper.  
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2.3  Results and Discussion                                        
2.3.1 Grain boundary evolution in graphene upon thermal annealing  
In this study, graphene films were prepared on Cu(111) single crystals by 
thermal decomposition of hydrocarbon molecules in ultrahigh vacuum (UHV). 
A relatively low growth temperature of ~600 ℃ is applied to suppress copper 
evaporation and increase graphene nucleation density. This procedure creates a 
mosaic film with a high density of meandering GBs (Fig. 2.1a). Our intention 
is to investigate if careful thermal annealing allows the GBs to be 
reconstructed into periodic structures26. Our STM investigation reveals that the 
density of GBs decreases and the average length increases with increasing 
annealing time (Fig. 2.1a-c) in these polycrystalline graphene films. This can 
be explained by the Ostwald ripening of the graphene grains facilitated by GB 
migration5, i.e. growth of large grains up to a few hundred nanometers 
accompanied by the shrinkage of small grains. The activation energy barrier 
for dislocation migration in freestanding graphene is rather high, at about 5-6 
eV27. But copper substrate can act as a catalyst to substantially reduce the 
activation barrier28, so that grain boundary reconstruction via dislocation 
migration can occur at a relatively low temperature. This suggests that 
post-growth annealing can be applied to improve the quality of small-grain 
sized polycrystalline graphene. Most of the GBs observed in our experiment 
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are curved and aperiodic (Fig. 2.1d). However, thermal annealing increases the 
possibility of observing GBs with a locally straight section (Fig. 2.1c).  
 
 
Figure 2.1 | Effect of thermal annealing on the morphology of grain 
boundaries (GBs) in polycrystalline graphene film. STM images of (a) 
as-grown graphene film on Cu(111). (-2 V, 300 pA) GBs are shown as dark 
lines in the image (b) graphene film after annealing at ~600 Ԩ for 1 h. GBs 
are shown as dark lines. (c) graphene film after annealing at ~600 Ԩ for 3 h. 
GBs are shown as bright lines. (d) High-resolution STM image (-20 mV, 1.5 
nA) of the area marked in (a) showing curved and aperiodic GBs in graphene. 
(e) High-resolution STM image (-5 mV, 800 pA) of the area marked in (c) 
showing a straight and periodic GB in graphene. 
 
Due to the curved and meandering nature of GBs in graphene, it is 
difficult to measure the average GB length using conventional profiling 
methods. Alternatively, a so-called “flooding” method was used, which can 
define depressed regions in a flat surface and subsequently calculate the 
percentage of the depressed regions. Samples with a high percentage of 
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depressed regions can be considered as samples with a high density of GBs. 
Using the above-mentioned flooding method, we have quantified the surface 
coverage of GBs as 23.6% for the as-grown graphene film (600℃, 15min), 
4.54% for the graphene film annealed at 600℃ for 1h and 2.16% for the film 
annealed at 600℃ for 3h (Fig. 2.2). 
 
 
Figure 2.2 | Quantifying density of GBs in polycrystalline graphene film. 
STM images and its corresponding flooded image of (a) as-grown graphene 
film on Cu(111). (b) graphene film after annealing at ~600 Ԩ for 1 h. (c) 
graphene film after annealing at ~600 Ԩ for 3 h.  
 
The GB straightening process seen here may have the same origin with 
that reported previously by Kaiser et al. as GBs in graphene are structurally 
fluid during the annealing process. The straight segments have lengths 
typically ranging from 10 to 50 nm. Atomic resolution STM images reveal that 
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these straight segments consist of periodic corrugations localized in the 
boundary region (Fig. 2.1e). Herein we assign them as periodic GBs. More 
STM images of periodic GBs can be found in Fig. 2.3. 
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Figure 2.3 | Representative STM images of periodic grain boundaries in 
graphene. The topography of the grain boundaries may look quite different 
from each other, due to different tip condition or tunneling parameters. We 
assign them as the same type of grain boundaries if they have similar values of 
periodicity and domain misorientation angle. (a-c) Atomic-resolution STM 
images of the 5-8-5 periodic grain boundaries. (d-l) Atomic-resolution STM 
images of the 5-7-5-7 periodic grain boundaries. Typical tunneling parameters: 
V=െ20	to ൅ 20	mV, I=1 nA.  
 
2.3.2 Structural characterization of periodic grain boundaries        
Periodic GBs can be described by the periodicity d of the GB superlattice 
and the misorientation angle θ of the two domains. STM height profile along 
the periodic corrugations gives the value of d. The misorientation angle θ is 
determined from the fast Fourier transform (FFT) spectra of the high 
resolution images. The function of FFT is to transform signals in the space 
domain to the frequency domain, where sharp spots in FFT correspond to 
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periodic structures in real space, analogous to the Low-energy electron 
diffraction (LEED) analysis. For one single-crystalline graphene domain, 6 
spots with hexagonal symmetry will appear in the FFT image (called one set 
of spots). Similarly, for two-single crystalline domains, two sets of spots will 
appear, and by measuring the eclipse angle between the two sets of spots we 
can know the misorientation angle between adjacent graphene domains. Two 
misoriented graphene domains produce two sets of spots in the FFT spectra 
and their relative angle corresponds to the domain misorientation angle. By 
comparing the value of d and θ, we found that all observed periodic GBs in 
our experiment belong to three distinct configurations. Graphene only couples 
weakly to Cu(111), hence it is unlikely for the preferential configurations to 
originate from the graphene-substrate registry. We find that the observed 
preference can be rationalized by the coincidence site lattice (CSL) theory 
proposed by Fasolino and co-workers29.  
The CSL theory assumes that energetically favorable GBs must have a 
smooth connection between two grains. Such GBs can be constructed 
according to the following procedures illustrated in Fig. 2.4a: (a) Superimpose 
two ideal graphene lattices and then rotate them by an angle θ with respect to 
each other. The vector b marked in blue arrow is the Burgers vector of this 
rotation process. (b) At certain misorientation angles, the two lattices will have 
coincident lattice points with regular periodicity (highlighted as black dots in 
Fig. 2.4a). (c) Make a cut along a line (the red dashed line in Fig. 2.4a) 
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through these coincident points, and rejoin the top half-lattice with the bottom 
half-lattice on the other side of the cutting line. The hexagonal graphene lattice 
will reconstruct to form pentagons, heptagons or octagons to minimize energy 
of the system. Based on this method, GBs shown schematically in Fig. 2.4b-d 
have higher density of coincidence lattice sites along the grain boundary 
compared to any other possible periodic GB structures. Qualitatively, we can 
consider these three structures have small strain energies and are the 
energetically favorable configurations for periodic GBs in graphene. The 
calculated GB periodicity is 4.92Å and domain misorientation is 0° for the 
structure in Fig. 2.4b. Similarly, the structure in Fig. 2.4c has a calculated 
periodicity of 6.51 Å and misorientation angle of 21.8°. The structure in Fig. 
2.4d has a periodicity of 8.87 Å and misorientation angle of 32.2°. 
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Figure 2.4 | Schematic construction of periodic grain boundaries in graphene 
based on the coincidence site lattice (CSL) theory.  
 
 88 |  
 
Representative STM images of the three types of periodic GBs measured 
in our experiment are shown in Fig. 2.5a-c, with domain misorientation angles 
of 0°, 22.5° and 31.8° (insets of Fig. 2.5a-c). The average values of periodicity 
and misorientation angle for the three types of periodic GBs are plotted in Fig. 
2.6a. The average values are found to match well with the structural models 
predicted by the CSL theory. The small deviation between calculated and 
measured values may come from the STM image distortion or the strain 
related GB structure relaxation. This suggests that the favorable periodic GB 
configurations observed in our experiment is likely to come from the intrinsic 
thermodynamic stability of GBs in graphene. Similar prediction based on DFT 
calculations has been reported in recent theoretical papers29,30. The proposed 
structural models (Fig. 2.4b-d) of periodic GBs are superimposed onto the 
STM images in Fig. 2.5d-f, respectively. The periodic GB in Fig. 2.5a is the 
previously reported 5-8-5 GB14. The repeating structural unit for the GB in Fig. 
2.5b is the 5-7 carbon rings. Therefore, we name it as the 5-7 periodic GB. A 
similar structure to this 5-7 periodic GB has been reported in the STM study of 
HOPG31. Such boundaries are highly transparent to charge carriers in 
graphene according to the theoretical calculation by Yazyev and Louie13. 
Based on the repeating structural units, the GB in Fig. 2.5c can be named as 
the 5-7-5-7 periodic GB. The 5-7-5-7 GB has been predicted to have 
mechanical strength close to that of pristine graphene, which is highest among 
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all GB structures9,10. As far as we know, this is the first time the presence of 
the 5-7-5-7 periodic GB in graphene has been experimentally observed.  
 
 
Figure 2.5 | Structural characterization of periodic grain boundaries in 
graphene. (a) STM image of the 5-8-5 periodic grain boundary (3 mV, 1.5 nA) 
(inset: FFT shows the domain misorientation angle at 0°) (b) STM image of 
the 5-7 periodic grain boundary (-20 mV, 500 pA) (inset: FFT shows the 
domain misorientation angle at 22.5°) (c) STM image of the 5-7-5-7 periodic 
grain boundary (-1 V, 400 pA) (inset: FFT shows the domain misorientation 
angle at 31.8°) (d-f) Magnified views of periodic grain boundaries in (a-c) 
respectively with the structural models superimposed. 
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The relative abundance of periodic GBs is plotted in Fig. 2.6b, with 3 5-7 
GBs, 41 5-7-5-7 GBs and 16 5-8-5 GBs, suggesting that there exist a strong 
preference for the 5-7-5-7 GB. Theoretical studies have predicted lower 
formation energy for the 5-7-5-7 GB compared to the 5-7 GB29,30. This result 
implies that the mechanical strength of the graphene film can be tuned by 
controlling the density of the mechanically stable 5-7-5-7 GBs.  
 
 
Figure 2.6 | (a) Average value of the periodicity and misorientation angle of 
each type of periodic grain boundaries measured in our experiment. (b) 
Relative abundance of the three types of periodic grain boundaries observed in 
our experiment. 
 
We also found that short periodic GB segments can be joined together in 
a zigzag manner to form long faceted GBs (Fig. 2.7a-d). The faceting of GBs 
can also be rationalized by the coincident site lattice (CSL) theory. In the CSL 
theory, it states that GBs with high density of coincident lattice points occur at 
certain values of the domain misorientation angle. The resulting GBs can be 
termed as the CSL boundaries. When the value of misorientation angle of two 
graphene domains deviates only slightly from the optimum values, there is a 
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tendency for this GB to adopt the structure of the low-energy CSL GB. The 
mismatch in the values of the misorientation angle between this GB and the 
CSL GB is compensated by the formation of kinked sites. By this 
reconstruction, the overall formation energy of the facetted GB is lowered32. A 
recent theoretical study also demonstrates that the length of the periodic 
segment depends on the deviation angle of the real GB to the optimum 




Figure 2.7 | Representative STM images of the facetted periodic GBs in 
graphene. 
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2.3.3 Electronic properties of quasi-freestanding periodic grain 
boundaries  
We also explored the electronic structure of GBs using Scanning 
Tunneling Spectroscopy (STS). We are well aware that the STS spectra of 
graphene are complicated by the substrate effect. The STS spectra recorded at 
perfect graphene domain shows a dip at around -0.6 eV corresponding to the 
shifted Dirac point due to metal doping34,35. Compared to the STS spectra at 
the graphene domain, the STS spectra at the GB region show a similar dip at 
around -0.6 eV and enhanced tunneling conductance in the positive bias range. 
But no distinct LDOS peaks could be resolved for the GBs owing to the LDOS 
convolution between graphene and Cu(111) (see Fig. 2.8).  
 
 
Figure 2.8 | (a) dI/dV spectra of pristine graphene domain showing a dip at 
around -0.6 eV. (b) dI/dV spectra of both pristine graphene (curves in green 
and blue) and an aperiodic grain boundary in graphene (curves in black and 
red). The raw data points are omitted for clarity. All spectra show a dip at 
around -0.6 eV, but no distinct peaks could be seen in the spectra. 
(a) (b) 
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Figure 2.9 | STM images of stripe patterns on the substrate and under 
graphene domain after oxygen adsorption on Cu(111). The stripe patterns 
are highlighted by white dashed lines. (a) Atomic-resolution STM image (-400 
mV, 500 pA) of the striped oxide superlattice on copper surface. (b) STM 
image (-1 V, 400 pA) of one graphene island. The underlying oxide stripe 
pattern is clearly adopted by graphene. (c) Magnified STM image (-500 mV, 
400 pA) of the graphene island in (b), showing both the stripe pattern and the 
hexagonal graphene lattice. 
 
In order to attain quasi-freestanding characteristics for graphene and its 
GBs, we employed the method of reactive oxygen intercalation to delaminate 
graphene from the metal substrate36,37. It has been reported previously that 
oxygen atoms form well-ordered stripe patterns on bare Cu surface giving rise 
to a ‘44’-superstructure38 (Fig. 2.9a). Following the intercalation of oxygen 
between the graphene islands and the copper substrate, a similar stripe-like 
pattern is observed on graphene islands, which is due to the underlying oxygen 
superstructure (Fig. 2.9b-c). This indicates successful intercalation and 
decoupling of the graphene layer with the copper substrate. The intercalation 
efficiency is relatively high for polycrystalline graphene islands. The 
intercalation process is shown in Fig. 2.10a-c. 
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Figure 2.10 | Electronic properties of periodic GBs in graphene. (a) STM 
image (-2 V, 300 pA) of graphene islands on Cu(111) before oxygen 
intercalation. (b) STM image (-1 V, 300 pA) of a partially intercalated 
graphene island on Cu(111). (c) STM image (-1 V, 300 pA) of a fully 
intercalated graphene island on Cu(111) showing well-ordered stripes on both 
the Cu surface and the graphene island. These stripes come from the 
superstructure of oxygen adsorbed on Cu surface. This indicates that graphene 
is decoupled from Cu(111) crystal by an oxygen buffer layer. (d) The dI/dV 
spectra collected at five spots across the 5-8-5 periodic GB. (e) The dI/dV 
spectra collected at five spots across the 5-7-5-7 periodic GB. (f) The dI/dV 
spectra collected at five spots across the aperiodic GB. 
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After oxygen intercalation of polycrystalline graphene islands, STS is 
applied to probe the electronic structure of the 5-8-5 and 5-7-5-7 types of 
periodic GBs. dI/dV measurements are recorded at five spots (1-5) across the 
5-8-5 GBs (Fig. 2.10d) and 5-7-5-7 GBs (Fig. 2.10e) and compared with the 
spectra of the aperiodic GBs (Fig. 2.10f). For all three types of GBs measured, 
parabolic LDOS curves with only one primary dip near the Fermi level are 
recorded at spots far away from the boundary region (spot 1 and spot 5 in Fig. 
2.10d-f). We postulate that the interfacial oxygen acts as a buffer layer to 
suppress the doping of graphene by copper. In the dI/dV spectra recorded at 
the GB region (spot 3 in Fig. 2.10d-f), additional LDOS peaks can be seen. 
There are two peaks at about -0.4 eV and 0.16 eV for the 5-8-5 periodic GB 
(Fig. 2.10d). The amplitude of these LDOS peaks decays as we move the tip 
away from the GB. Such LDOS peaks can be explained by the localized 
electronic states induced by defects breaking the electron-hole symmetry in 
graphene lattice39. Previous DFT simulation work on the 5-8-5 periodic GB 
has observed sublattice dependent density of states. A sharp peak at the Dirac 
point is observed for atoms belonging to one sublattice, whereas two peaks 
within 1 eV above and below the Dirac point can be attributed to another 
sublattice. Our measurement agrees qualitatively with the DFT observation of 
the two states above and below the Dirac point, but the sharp peak at Dirac 
point is not observed. It is interesting to observe a sharp LDOS peak at 0.18 
eV in the spectra taken at the vicinity of the 5-7-5-7 GB (Fig. 2.10e). We can 
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compare the LDOS of the 5-7-5-7 GB to that of the aperiodic GB in Fig. 2.10f. 
Previous DFT simulation has observed van Hove singularities within 0.5 eV 
above and below the Dirac point30. While our measurement agrees with the 
calculated empty state at about 0.2 eV, the calculated filled state is not 
observed. Upon a closer examination of the simulated density of states, the 
empty state is indeed more intense than the filled state. This could possibly 
explain why the filled state is not observed in the tunneling spectrum, as the 
weak peak could be smeared out with the background conductance due to 
thermal broadening in our room temperature STS measurement. A recent low 
temperature STS measurement has reported the observation of van Hove 
singularities in ordered GBs in graphene40. In contrast to the sharp LDOS peak 
of the 5-7-5-7 GB, dI/dV curve of the aperiodic GB has a broad peak spanning 
the Fermi level to about 0.8 eV. For aperiodic GBs, random defects will induce 
localized electronic states with a broad energy distribution. This implies that 
GBs with high structural quality can introduce well-defined states to modify 
the electronic properties of graphene.  
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2.4  Conclusion                                               
Our results show that thermally annealing a mosaic, polycrystalline 
graphene film grown on a metal surface allows the GBs to reconstruct and 
decrease in density, and nanometer-scale periodic GBs can be formed as a 
thermodynamically stable product. These results have implication on 
implementing a post-growth annealing process to allow as-deposited graphene 
film to reconstruct to higher crystalline quality. Although the orientation of 
these periodic GBs is random on a macroscopic scale, it raises an interesting 
question of whether the lithographical patterning of long gaps on graphene 
grown on metal provides a template to grow long, periodic GBs, where the 
gaps can be in-filled by re-grown graphene strips. A post-growth annealing 
similar to what was applied here may allow reconstruction of the GBs at the 
stitched interfaces, leading to long sections of periodic GBs. If this can be 
achieved, the engineering of conducting circuits on graphene can be realized.  
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CHAPTER 3 A Two-dimensional Substoichiometric 




Two-dimensional transition metal chalcogenides (TMDs) have attracted 
immense interests as alternative graphene-like materials. Synthesizing new 
phases of TMDs is central to the discovery of novel properties and 
applications. Here we demonstrate a novel synthesis methodology, i.e. using 
chalcogen-enriched substrates to template the growth of substoichiometric 
phases of TMDs. Using sulfur-enriched Cu(111) as growth substrates, we 
synthesized atomically thin nanosheets of a 2D substoichiometric 
molybdenum sulfide, where interesting structural features such as 
undercoordinated surface sites and A-B stacked 2D layers were clearly 
revealed by scanning tunneling microscopy (STM). Scanning tunneling 
spectroscopy (STS) reveals the semiconducting nature of MoSx nanosheets, 
which are p-doped by the substrate. Spectroscopic evidences suggest the 
existence of Chevrel-type Mo6S8 structural motifs in MoSx.  
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3.1 Introduction  
Two-dimensional (2D) molybdenum disulfide (MoS2) has 
thickness-dependent band gap1 and coupled spin valley physics2,3, which 
presents broad opportunities for optoelectronic devices. Recently, exfoliated 
MoS2 has emerged as an efficient catalyst for hydrogen evolution reaction 
(HER), where the edge sites or vacancies in the basal plane exhibit interesting 
strain-tunable catalytic properties4-6. Other than the thermodynamically stable 
MoS2 structure, different metastable, substoichiometric phases of MoSx (x<2) 
can exist7-13 due to the wide structural diversity of molybdenum-sulfur 
compounds, which arises in part from the large number of oxidation states 
available to Mo and S, and also the close orbital energies between S 3p and Mo 
4d. Among various polymorphic structures, the low-dimensional ones are 
particularly intriguing because of the high surface area and potential quantum 
confinement effect, which may provide unique properties to expand the 
functionalities of MoS2. For example, 0D [Mo3S13]2- and [Mo3S4]4+ molecular 
clusters10,11 were synthesized as improved catalysts for HER compared to 
MoS2. Metallic 1D MoS nanowires12,13 based on Mo6S6 have been reported. 
However, 2D phases of substoichiometric MoSx compounds are less well 
studied. The presence of undercoordinated atoms in such system may give rise 
to periodic spin textures14,15 or chemically reactive surface sites.  
Herein a new class of two-dimensional, substoichiometric molybdenum 
sulfide (MoSx, x<2) is prepared on sulfur-reconstructed Cu(111). Combining 
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surface characterization and density function theory (DFT) results, we propose 
that the atomic structure of MoSx is made of Mo18S18 unit cells, which are 
constructed from Mo6S8 Chevrel type building blocks. A-B stacked bilayer 
nanosheets were observed, with an interlayer distance of 2.96	Հ, suggesting a 
2D layer-by-layer growth.  
 
3.2 Methods 
Sample preparation and STM studies: Experiments were performed in an 
ultrahigh vacuum chamber (UHV, base pressure of 10ିଵ଴ mbar) with a UHV 
STM unit (high temperature-STM 150 Aarhus, SPECS, GmbH). The Cu(111) 
substrate (Mateck, GmbH) was cleaned by repeated argon ion sputtering at 
p(Ar)= 1 ൈ 10ିହ mbar, 1.5 keV, followed by annealing at 600 ℃. Growth of 
MoS2 or MoSx islands were carried out by evaporation of Mo atoms onto the 
substrates, followed by annealing in H2S at elevated temperatures (400-700 
Ԩ). Mo atoms were dosed using an electron beam evaporator (SVT Associates, 
Inc.). H2S gas was dosed through a precision leak valve (MDC Vacuum 
Products, LLC).  
Statistic count of surface Mo-S islands: The histogram in Figure 4.1g is 
generated in the following manner, (1) a 150 nm×150 nm flat area with 
surface Mo-S islands is scanned; (2) after long time scanning with minimal 
drift in the STM image, the image is processed using the WSxM software with 
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a function called “flooding”, which is to select areas with a height larger than 
a critical value (such as 1 nm). This will results in many enclosed areas with 
various sizes and a histogram of numbers of enclosed areas as a function of 
their sizes is generated; (3) in a typical sample containing both MoS2 and 
MoSx islands, the MoS2 islands are usually smaller in size than MoSx, thus we 
can filter the enclosed areas based on their sizes; (4) by comparing the total 
area of islands before and after filtering, we can roughly estimate the relative 
surface area of MoS2 and MoSx islands; (5) The histogram is generated based 
on 5 samples and 10 flat areas per sample, for both the MoS2 dominated and 
MoSx dominated samples. 
XPS studies: XPS characterizations were carried out using SPECS XR 50 
X-ray Mg Kα (1486.6 eV) source with a pass energy of 30 eV, PHOIBOS 150 
hemispherical energy analyzer (SPECS, GmbH) and 3D delay line detector 
(SPECS, GmbH) with a base pressure of 5 x 10-10 mbar. The binding energies 
of the XPS spectra were calibrated to the Au 4f7/2 peaks. XPS peak fitting was 
carried out using a mixed Gaussian-Lorentzian function after a Shirley 
background subtraction. An area ratio of 3:2 between the Mo 3d5/2 and 3d3/2 
peaks and an area ratio of 2:1 between the S 2p3/2 and 2p1/2 peaks were 
employed in the fitting with same full width at half maximum (FWHM). The 
spin-orbit splitting for Mo 3d and S 2p spectra are 3.2 eV and 1.2 eV 
respectively. 
HREELS studies: HREELS was performed using SPECS GmbH system 
 107 |  
 
Delta 0.5 spectrometer equipped with a Galileo 4830 U channeltron in a UHV 
chamber with a base pressure of 2 x 10-10 Torr. The energy loss spectra were 
collected with an incident electron energy of 4 eV impinging the surface 
normal at 55o. Fitting was done using Gaussian-Lorentzian function after an 
exponential decay background subtraction. To minimize contamination, 
samples were transferred using a home-made high vacuum transfer box.  
DFT studies: All the first-principles calculations for the electronic properties 
of MoSx were carried out by using density-functional theory (DFT) based 
VASP package with the projected-augmented wave potentials and gradient 
approximation (GGA) based Perdew-Burke-Ernzerhof (PBE) functionals. The 
cutoff energy for plane wave expansion was set to 500 eV. A vacuum layer of 
18 Å normal to MoSx monolayer surface was applied to minimize the 
interaction between the periodic images of the slabs. A 5×5×1 
Monkhorst-Pack method generated k-point mesh was used to sample the first 
Brillouin zone. In all calculations, electronic convergence was set to 1.0×10-6 
eV, and the structures were optimized until the force on each atom was smaller 
than 0.01 eV/Å. The STM images were calculated using the Tersoff-Hamann 
method, where it is assumed that the tunneling current is proportional to the 
integrated local density of states (LDOS) and thus a STM tip following a 
surface of constant current can be simulated by constructing a surface of 
constant LDOS. In this study, the STM images were visualized with the 
isosurface value that has a height between 3 and 3.5 Å above the highest 
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surface atoms. In addition, the van de Waals correction was included in the 
calculations by using DFT-D3 method implemented in VASP.  
 
3.3 Results and Discussion 
3.3.1 Preparation of MoSx  
2D molybdenum sulfide islands were prepared by evaporating 
sub-monolayer Mo atoms onto the substrate followed by sulfurization in H2S 
(1×10-6 mbar) at elevated temperatures (Fig. 3.1a). On the clean Cu(111) 
surface, this process leads to the formation of MoS2 with hexagonal or 
truncated triangular morphologies (see Fig. 3.1b), similar to previously 
reported works16. However, if the Cu(111) surface is sulfurized first to form 
the well-known ൫√7 ൈ √7൯	ܴ	19° Cu-S adlayer17 (see Fig. 3.2) before the 
evaporation of binary atomic sources, a structurally different compound, 
denoted as MoSx, is formed in reasonably high yield. The new phase was 
distinguished from the MoS2 phase based on their different morphologies 
(hexagonal for MoS2 and rectangular for MoSx) in STM images. Single-layer 
(apparent height 3.5	Հ) and bilayer (apparent height 6.5	Հ) islands of MoSx 
with truncated rectangular shapes are observed (Fig. 3.1c, e). High-resolution 
STM image of the MoSx surface (Fig. 3.1d) revealed two types of bright spots 
with different contrast (marked by red and blue dots), which we interpreted as 
two electronically different surface sites. Bright spots of the same type form a 
 109 |  
 
square array with a periodicity of 1.05 nm (Fig. 3.1f).  
 
 
Figure 3.1 | Preparation of MoSx a, Schematic illustration of two different 
growth methods to selectively prepare MoS2 and MoSx. b, STM image of 
substrate surface containing only MoS2 islands. Scale bar, 20nm. c, STM 
image of a MoSx island dominated surface with a minority of small MoS2 
islands. Scale bar, 20nm. d, High resolution STM image of the MoSx surface. 
Two different surface sites are marked by red and blue dots. Scale bar, 2nm. e, 
STM height profile along a line marked in c to measure the heights of islands. 
f, STM height profile along a line marked in d to measure the surface site 
periodicity. g, Relative surface coverage of MoS2 and MoSx islands on 
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Figure 3.2 | STM images of the ൫√ૠ ൈ √ૠ൯	ࡾ	૚ૢ° Cu-S adlayer
 
 
Figure 3.3 | Conversion of MoSx to MoS2 (a) as-prepared MoSx dominated 
sample with a short annealing time of 20min. (b) sample in a annealed at 
600Ԩ for 1h, where surface coverage of MoSx is reduced significantly and 
that of MoS2 increased.  
 
MoSx gradually converts to MoS2 when annealed at temperatures above 
600 Ԩ, this can be judged by the decreased surface coverage of MoSx islands 
and increased surface coverage of MoS2 islands with increasing annealing 
time (see Fig. 3.3). We notice that a fully covered Cu-S adlayer on the Cu 
substrate (see Fig. 3.2) is crucial for the preferential formation of MoSx. Large 
single crystalline islands of MoSx can be grown by annealing as-deposited Mo 
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in H2S at 600 Ԩ on the Cu-S adlayer for 20 min (Fig. 3.4). The S-enriched 
Cu-S adlayer may provide interfacial stabilization for the Mo-rich basal planes 
of MoSx. Consequently, the formation energy of MoSx is lower than that of 
MoS2 on sulfur-enriched substrates.  
 
 
Figure 3.4 | Large size single crystalline MoSx islands 
 
Fig. 3.5a shows the simultaneously resolved lattices of one MoSx island 
and the underlying Cu-S adlayer, imaged at +2 V. The corresponding Fast 
Fourier Transform (FFT) pattern is given in Fig. 3.5b. The eight spots 
highlighted by dashed squares (6 of them are white, 2 are yellow) belong to 
the FFT pattern of the square lattice of MoSx. The six spots highlighted by 
yellow patterns (4 of them are circles, 2 are squares) correspond to the high 
symmetry directions of the Cu-S adlayer. From the FFT pattern, it was 
observed that one high symmetry axis of MoSx is nearly aligned with the high 
symmetry direction of the Cu-S substrate, suggesting a 1D row matching 
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registry between MoSx and Cu-S adlayer in this direction (spots highlighted by 
yellow squares in the FFT pattern).  
Detailed analysis of the row-matching registry is illustrated in Fig. 3.5c, d. 
The Cu-S adlayer has a rhombic unit cell with vectors a1=a2=6.77 Å, whereas 
MoSx has a nearly-square unit cell with vectors b1=b2=10.5 Å. The STM 
image taken at this bias (+2 V) reflects positions of the Mo-rich surface sites 
(red open circles) in MoSx and S atoms in the Cu-S substrate (green open 
circles). The second nearest neighbor sites are labelled in Figure 3.5c with cell 
vectors c1=c2=11.72 Å and d1=d2=14.85 Å, respectively. Reciprocal lattice 
vectors are labeled in Figure 3.5c as well. For example, the reciprocal lattice 
vector for real-space vector a1 is labeled as a1'. Only one reciprocal cell vector 
of MoSx aligns with the substrate reciprocal cell vectors, e.g. b1' of MoSx 
aligns with c1' of Cu-S, which means that real-space cell vectors b1 and c1 are 
aligned. To be specific, surface Mo-rich sites of MoSx in the b1 direction 
(periodicity 10.5 Å) roughly sits on top of S atoms of Cu-S adlayer in the c1 
direction (periodicity 11.72 Å). 
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Figure 3.5 | Row-matching Registry of MoSx islands with respect to the 
Cu-S adlayer (a) STM image of one MoSx island on Cu-S substrate, taken at 
+2 V. (b) Fast Fourier Transform (FFT) pattern of the STM image in a. (c) 
real-space lattice vector (b1, b2, d1, d2) and corresponding reciprocal lattice 
vector (b1’, b2’, d1’, d2’) of the MoSx lattice. Real-space lattice vector (a1, a2, 
c1, c2) and corresponding reciprocal lattice vector (a1’, a2’, c1’, c2’) of the 
Cu-S lattice. The FFT patterns of reciprocal lattice are highlighted by black 
dashed lines. The Mo-rich sites are represented by red open circles, the S 
atoms in Cu-S are represented by green open circles. (d) FFT pattern of the 
STM image in a, superimposed with the square and hexagonal FFT patterns 
corresponding to the highlighted patterns in c. The pattern is slightly distorted 
due to drift in the STM image.   
 
It should be noted that it is difficult to maintain a complete coverage of 
the Cu-S adlayer on the Cu(111) substrate at the growth temperature used, due 
to the diffusion of highly mobile Cu3S3 clusters.18,19 This process inevitably 
exposes some bare Cu regions on the substrate, where the growth of MoS2 is 
favored, thus typically about 10 % MoS2 and 90% MoSx islands co-exist on 
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the surface (Fig. 3.1g). 
 
3.3.2 Electronic properties of MoSx  
To investigate the electronic properties of MoSx and MoS2 islands, dI/dV 
spectra were recorded by placing tip above the islands. Before measuring 
dI/dV spectra on the sample, the STM tip is calibrated against Au(111) surface, 
where controlled tip indentation into the sample surface was performed, 
followed by the measurement of the dI/dV spectra above a clean area on 
Au(111). The successful measurement of Au surface state at around -0.4 eV 
indicates that the tip is in good condition.  
 dI/dV spectrum of MoS2 gives the valence band (VB) onset at around 
-1.1 eV and the conduction band (CB) onset at +0.2 eV (Fig. 3.6a). This gives 
an apparent band gap of 1.3eV, which is smaller than the 1.8 eV electronic 
band gap of monolayer MoS220. The deviation is possibly due to screening by 
the metallic substrate, which reduces the band gap compared to the free 
standing case. For example, sub-monolayer MoS2 grown on Au has an 
apparent band gap of 1.4 eV21. The CB onset of MoS2 is close to the Fermi 
level, suggesting MoS2 islands on Cu-S adlayer are n-doped. The VB 
maximum and CB minimum signals in MoS2 are contributed by both the Mo 
d-orbitals and S p-orbitals. In contrast, dI/dV spectrum of MoSx shows the VB 
onset at 0 eV and CB onset at 1.4 eV. The apparent band gap is 1.4 eV, and the 
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fact that Fermi level is pinned at VB onset indicates MoSx islands are p-doped. 
It should be noted that depending on the tip condition, there might be slight 
variation in the dI/dV signal outside the band edges; however, the band gap of 
MoSx is robust, because tunneling current in this region is mainly limited by 
the zero sample density of states.  
The different electronic properties of MoS2 and MoSx are also reflected 
in the dI/dV maps. At +2 eV, the empty states of MoSx is much stronger than 
that of MoS2, thus MoSx islands appear much brighter than the MoS2 island. 
At +0.8 eV, which is within the band gap of MoSx, tunneling to MoSx is 
negligible (although some residue tunneling to substrate may occur), such that 
MoSx islands appear dark. At -0.8 eV, which is within the band gap of MoS2 
but in the valence band of MoSx, MoS2 island appears darker than the MoSx 
islands (Fig. 3.6b).




Figure 3.6 | Tunneling spectra and dI/dV mapping of MoSx and MoS2 
islands a, dI/dV spectra of MoS2 (blue line), with the onsets of valence band 
(VB) and conduction band (CB) marked by dashed lines. dI/dV spectra of 
MoSx (red line), with the onsets of VB and CB marked by solid lines. b, dI/dV 
maps of MoSx and MoS2 islands at different bias voltages.  
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3.3.3 STM characterization of MoSx surface sites 
 
 
Figure 3.7 | Bias-dependent contrast of surface sites on MoSx a-b, 
Filled-state and empty-state STM images taken at -1 V and +2 V, of the same 
area (Mo-rich sites in red dots, S-rich sites in blue dots, defects sites in hollow 
triangles). White squares representing individual unit cells were superimposed 
onto the two images. Scale bar, 1.6 nm. 
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To elucidate the nature of surface sites in MoSx, bias-dependent STM 
images of MoSx surface were collected. At negative sample biases, where 
electrons tunnel from the sample (with a higher Fermi level) to the tip22, local 
filled states of the two surface sites (marked by red and blue dots respectively) 
are imaged as bright spots with 4-fold symmetry (Fig. 3.7a). At positive 
sample biases, which image the local empty states, only the sites marked by 
red dots can be imaged as bright spots (Fig. 3.7b). In MoS2 and Mo6S6, it has 
been reported that empty states originate almost exclusively from the Mo d 
orbitals while the filled states are contributed by both the Mo and S 
orbitals13,23. This can be qualitatively understood as the electron density is 
polarized towards the more electronegative sulfur atoms, rendering the empty 
states favorably located at the Mo atoms. Therefore we assign the sites marked 
by red dots to the Mo-rich sites, and the sites marked by blue dots to the S-rich 
sites. The bias-dependent contrast of the two surface sites is further illustrated 
in Fig. 3.8 and 3.9. 
Stacking configuration of the 2D layers was deduced from the relative 
position of surface sites in the two layers of an incomplete bilayer domain. In 
Fig. 3.10, the Mo-rich sites (red dots) were imaged as bright protrusions and 
the S-rich sites correspond to the four-fold hollow positions (blue dots). It was 
observed that the bright protrusions (i.e. Mo-rich sites) of top-layer MoSx were 
situated above the four-fold hollow positions (i.e. S-rich sites) of bottom-layer 
MoSx, suggesting that these two layers are A-B stacked.  




Figure 3.8 | Bias-dependent contrast of the two surface sites demonstrated 
by instantaneously switching of the bias polarity while scanning of the 
MoSx surface  
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Figure 3.9 | Bias-dependent contrast of the two types of surface sites on 
one MoSx island Two defect sites at the edge of the island were used as 
markers (indicated by white arrows). At negative biases, which image the local 
filled states, both sites were imaged as bright protrusions. However, as the bias 
voltage changes from -2 V to -0.5 V, the brightness of the S-rich sites 
(representative S-rich site marked by blue dot) relative to the Mo-rich sites 
increases. At the sample bias of +2 V, the brightness of the Mo-rich site is 
significantly increased, and the S-rich sites appear as four-fold hollow sites. 
 
We also observed the presence of defect sites on the MoSx surface, which 
can be readily generated by annealing the sample at 400 Ԩ in vacuum (Fig. 
3.11). The defect sites coincide with where the S-rich sites were, suggesting 
that these are S vacancies (hollow triangles in Fig. 3.7a, b).  
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Figure 3.10 | AB stacking of bilayer MoSx a, STM image of merged bilayer 
and incomplete bilayer domains of MoSx Scale bar, 14 nm. b, Magnified STM 
image of an incomplete bilayer domain of MoSx, taken at +2 V. (Mo-rich sites 
in red dots, S-rich sites in blue dots, the dashed line is a guide to the eye) Scale 
bar, 2.4 nm. c, Energetically optimized structure of bilayer Mo18S18, showing 
AB stacking and interlayer distance of 2.96 Հ.  
 
 
Figure 3.11 | Defect sites on MoSx a, defects generated by annealing the 
sample in vacuum at 400 Ԩ for 15 min. b, defects generated by annealing the 
sample in vacuum at 400 Ԩ for 30 min.  
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3.3.4 Spectroscopic characterization of MoSx structural motif 
 
 
Figure 3.12 | Spectroscopic characterization of MoSx a, Deconvolution of 
the XPS spectra reveals a chemically shifted Mo 3d peaks (in blue) assignable 
to MoSx. The Mo 3d peaks from MoS2 are labeled in green and S 2s peak is 
labeled in yellow. b, Deconvolution of the HREELS spectra reveals an 
additional peak C (in red) due to MoSx. The peaks A and B (in blue) are from 
MoS2. Inset: structural model of Chevrel phase Mo6S8 cluster.  
 
XPS and HREELS were used to obtain additional structural information 
of MoSx. Comparing the XPS spectra of the MoS2 sample and the MoSx 
dominated sample, it can be seen that the samples containing mixed 
MoSx/MoS2 phases present a chemically shifted Mo 3d peaks at 227.6 eV (Fig. 
3.12a), which agrees with the reported Mo 3d5/2 binding energies for Chevrel 
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phase Mo6S8 compounds24,25. The XPS spectra of S 2p core level peaks show 
that sulfur atoms in both samples have the same -2 oxidation state (Fig. 3.13). 
We also observed an additional energy loss peak labeled C in the HREELS 
spectra of the samples containing mixed MoSx/MoS2, in addition to the two 
peaks labeled A and B, which originate from the A1g and B2g surface phonons 
of MoS2 respectively (Fig. 3.12b). The vibrational energy of peak C at 48.4 
meV is consistent with the antisymmetric T1u Mo-S stretching mode, which is 
characteristic of the bonding in the Mo6S8 cluster (see inset of Fig. 3.12b)24.  
 
 
Figure 3.13 | XPS of S 2p core level peaks Peak fitting reveals only one set 
of 2p3/2+2p1/2 peaks in samples containing mixed MoS2 and MoSx, with the 
binding energy of S 2p3/2 peak at 161.8 eV, which corresponds to the -2 
oxidation state of sulfur. The binding energy is consistent with reported values 
for sulfur atoms in MoS2 and Mo6S826,27 . 
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3.3.5 DFT simulation of MoSx structure 
 
 
Figure 3.14 | Atomic structures of Mo6S8 based Chevrel phase structures 
and their relative cohesive energy a, PbMo6S8. b, Rhombohedral structure of 
Mo6S8 binary compounds (3D). c,  Face-sharing Mo6S8 based nanowire (1D). 
d, Edge-sharing Mo6S8 2D structures. The cohesive energy of PbMo6S8 is used 
as a reference.  
 
Spectroscopic evidences suggest the existence of Mo6S8 structural motifs. 
It is found that the Mo6S8 cluster is electron deficient, thus it has to be 
stabilized either by forming a compound with the inclusion of metal cations at 
the corner such as PbMo6S8 (Fig. 3.14a), or via inter-cluster arrangement to 
form 3D structure (Fig. 3.14b), face-sharing Mo6S8 clusters to form 1D 
nanowire (Fig. 3.14c), or condensed into edge-sharing 2D structure (Fig. 
3.14d). The relative stability of a structure can be seen from its cohesive 
energy Ec which is defined below: 
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Ec=(∑niEi-Etotal)/∑ni, 
where Etotal is the total energy of a crystal structure, ni is the number of the 
atom i, and Ei is the total energy of the atom i. A structure with a larger 
positive cohesive energy is more stable. From the calculated cohesive energy, 
we can see that the cohesive energy of Mo6S8 based 2D structure is 0.27 eV 
larger than that of PbMo6S8 crystal. It should be noted that the PbMo6S8 
crystal, and Mo6S8 3D and 1D structure have been experimentally synthesized. 




Figure 3.15 | Simulated STM images of Mo6S8 condensed structures a-c, 
Mo7S8 structure with the simulated STM image at -1.0 eV and +2 eV bias 
voltage. d-f, Atomic structure of perfect edge-sharing Mo6S8 2D structure 
(Mo24S16) with the simulated STM image at -1 eV and +2 eV bias voltage. g-i, 
Atomic structure of edge-sharing Mo6S8 2D structure with edge Mo vacancies 
(Mo20S16) and the associated simulated STM image at -1 eV and +2.0 eV bias 
voltage.
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Synthesis of the MxMo6S8 ternary compound with M=Mo, x=1 has been 
reported28. Therefore we first consider the structure of Mo7S8 (Fig. 3.15a), 
which gives us voltage dependent STM images with four-fold symmetry as 
Figure. 3.15b and 3.15c show. However, only one set of bright spots was 
noticeable under negative voltages, in contrast to the experimentally observed 
two sets of bright spots, and the lattice periodicity (6.5 Å) is much smaller 
than 10 Å in the experiment. The simulated STM images of Mo6S8 based 2D 
structure (Mo24S16) (Fig. 3.15d-f) are not consistent with experimental results 
either. The STM images are not voltage dependent, and the lattice periodicity 
is 5.2 Հ. Since the MoSx films were prepared by a non-equilibrium process 
with S-rich partial pressure, some Mo related defects such as Mo vacancies or 
SMo anti-site defects might be formed. We introduced four edge Mo vacancies 
in the Mo24S16 (Fig. 3.15g) to generate the Mo20S16 structure, which give us 
resemble STM images with experimental observations at negative voltage in 
both symmetry and lattice periodicity (Fig. 3.15h). However the simulated 
STM images do not match experimental result at positive applied voltage, as 
shown in Figure 3.15i. Thus, both edge Mo vacancies and central SMo 
anti-sites were introduced in the Mo24S16, resulting in the Mo18S18 structure. 
As shown in Figure 3.16a-b, Mo18S18 cluster contains (3×3) edge-sharing 
Mo6S8 clusters with Mo vacancies at the edge, and central Mo atoms 
substituted by S atoms. The simulated STM images of Mo18S18 show two sets 
of bright spots with four-fold symmetry and a periodicity of ~10 Å at the -1 V 
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bias voltage (Fig. 3.16c). It is noted that one set of the bright spots originates 
from the Mo-rich Mo6S8 clusters at the corner sites, and the other is 
contributed by the S-rich Mo4S10 clusters at the central sites. At +2 V bias 
voltage, only the contribution from Mo-rich corner sites is noticeable in the 
simulated STM image (Fig. 3.16d). We have to emphasize here that the 
proposed model is not a definitive one, and copper may be part of the structure; 
however we have no feasible models based on the incorporation of copper that 
fits the STM image at the present stage. Hence our proposed model is 
constructed entirely from Mo and S, using Mo6S8 building blocks. 
 
 
Figure 3.16 | Proposed Mo18S18 structure for MoSx and corresponding 
simulated STM images a, top-view of the Mo18S18 model for MoSx. Surface 
Mo and S atoms were enlarged and inter-cluster Mo-Mo bonds in dashed lines, 
for viewing clarity. b, rotated-view of the Chevrel phase Mo18S18 model for 
MoSx. Top surface Mo and S atoms were enlarged for viewing clarity. c-d, 
Simulated STM images at -1 V and +2 V, of the Mo18S18 model. The Mo18S18 
unit cell was superimposed onto the simulated image in d, with bonds omitted. 
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3.4 Conclusion 
In conclusion, we report a new class of MoSx compounds prepared on 
sulfur-enriched Cu(111). Based on various surface characterization techniques 
and density functional theory (DFT) studies, we suggest that MoSx may have a 
Mo18S18 unit cell, simulated STM images based on this matches well with our 
experimental observations. Although the structure cannot be unambiguously 
resolved at this stage, our preparation method of MoSx using a 
chalcogen-enriched growth substrate may have wide generic applicability to 
other classes of 2D transition metal chalcogenides (TMDs), such as WSx or 
TiSx, which can potentially afford a broad range of catalytic and electronic 
properties beyond the traditional MX2 (M=Mo, W, Ti; X=S, Se, Te) type 2D 
TMDs. 
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CHAPTER 4 Application of Substoichiometric 
Molybdenum Sulfide as a Model Catalyst 
 
Abstract 
Molybdenum disulfide (MoS2) is widely recognized as an important 
non-noble-metal catalyst, but only the edge sites turnover reactions. To obtain 
more effective catalysts, one strategy is to activate the basal planes of 
molybdenum-sulfide compounds. Here, we found that the new phase of 
two-dimensional (2D) substoichiometric MoSx (x<2) , which we described in 
previous chapter, contains catalytically active Mo-rich sites on the basal plane. 
Atom-resolved scanning tunneling microscopy (STM) was used to monitor the 
surface-directed Ullmann coupling of 2,8-dibromo-dibenzothiophene 
(DBDBT) molecules on MoSx nanosheets, where the four-fold symmetric 
surface sites direct C-C coupling to form cyclic tetramers with high selectivity. 
In addition, the basal plane of MoSx can undergo dynamic dissociative 
adsorption/desorption processes with molecular hydrogen, demonstrating its 
potential for the study of hydrogen-transfer catalysis. 
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4.1 Introduction  
Earth-abundant molybdenum disulfide (MoS2) is one of the most 
prominent non-noble-metal catalysts due to its low cost, high activity and low 
toxicity. Over the years, MoS2-based materials have emerged as efficient 
catalysts for various chemical reactions including hydrodesulfurization 
(HDS)1,2 and hydrogen evolution reaction (HER)3-5. It is widely known that 
only the edge sites in MoS2 turnover reactions and the basal planes remain 
inactive. Catalytic activity is limited by the availability of the edge sites, 
because the ratio of edge atoms relative to the basal plane atoms is limited in 
the two-dimensional (2D) planar structure of MoS2.  
Defect engineering of MoS2 has been used to activate its basal planes, 
where both theoretical and experimental studies show that defects such as 
sulfur vacancies can greatly improve the HER performance of MoS2 basal 
planes5-8. The HER activity can be further optimized by applying tensile strain 
to tune the energy level of the defect states5. One limitation of defect 
engineering is that MoS2 crystals become increasingly unstable with a higher 
density of defects.5,6 Moreover, the lack of control over the structure and 
distribution of defects in MoS2 render it difficult to study the mechanism of 
catalytic reactions. One less-explored possibility is to use substoichiometric, 
crystalline phases of MoSx (x<2) for catalytic applications. The presence of 
undercoordinated atoms in such systems may give rise to chemically reactive 
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surface states. It has been reported that metastable Mo2S3 phase can be 
prepared on sulfur-enriched Cu(111), where the basal planes show high 
affinity towards the adsorption of oxygen containing organic molecules9. 
However, to the best of our knowledge, direct observation of chemical 
reactions catalyzed by substoichiometric MoSx compounds has not been 
reported. The major scientific challenges include the lack of a model catalyst 
with well-defined active sites and the difficult of identifying and 
characterizing such active sites.  
The 2D substoichiometric MoSx we described in last chapter contains 
catalytically active basal planes. Scanning tunneling microscopy (STM) study 
reveals the existence of alternating Mo-rich and S-rich surface sites in a square 
lattice on the basal planes of MoSx. In-situ STM studies show that the 
four-fold symmetric Mo-rich sites allow the preassembly 
2,8-dibromo-dibenzothiophene (DBDBT) molecules and catalyze Ullmann 
type C-C coupling to form cyclic tetramers with high selectivity. In addition, 
the Mo-rich sites can activate molecular hydrogen and form well-defined 
hydrogen adsorption patterns on the surface which are thermally stable below 
200 Ԩ. The basal plane active MoSx reported here points to the promise of 
engineering substoichiometric 2D transition metal chalcogenide (TMC) phases 
for catalytic applications. 
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4.2 Methods  
96% purity 2,8-dibromodibenzothiophene (DBDBT) molecules (Tokyo 
Chemical Industry Co., LTD.) were degassed in a Knudsen cell 
(MBE-Komponenten, GmbH) at 70 Ԩ for 15 min. Subsequently, molecules 
were dosed with the Knudsen cell at 48 Ԩ for 2 min (partial coverage) or 5 
min (full coverage). As-deposited molecules are highly mobile and difficult to 
image by room temperature STM. Upon mild thermal annealing at 80 Ԩ for 
15 min, molecules were found to adsorb favorably on MoSx. Thereafter, 
oligomerization was induced by annealing the sample at 200 Ԩ . 
Hydrogenation passivation was performed by dosing H2 through the precision 
leak valve at 1x10-6 mbar while the sample kept at temperatures ranging from 
room temperature to 80 Ԩ. Partial coverage samples were typically obtained 
by dosing hydrogen for 15 min, whereas full coverage samples were obtained 
by dosing for 1h.  Hydrogen desorption was performed by annealing the 
sample at 200 Ԩ in vacuum. Oxygenation experiment was performed by 
dosing O2 through the precision leak valve at 1x10-6 mbar while the sample 
kept at room temperature.  
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4.3 Results and Discussion 
4.3.1 Spatially controlled oligomerization of DBDBT on MoSx  
Ullmann coupling has attracted increasing attention recently due to its 
wide application in the synthesis of functional macromolecular systems, 
including polymeric chains10,11, graphene nanoribbons12-14 and covalently 
linked molecular frameworks15,16. Due to the presence of surface Mo-rich sites, 
MoSx potentially shows reactivity towards nucleophilic molecules such as 
2,8-dibromo-dibenzothiophene (DBDBT), which has lone pair electrons 
located at the S atom. DBDBT has two bromine functional groups, thus it may 
undergo polymerization via the Ullmann coupling reaction after 
debromination11.  
As-deposited molecules are highly diffusive at room temperature when 
subjected to tip-sample interactions, making it challenging to obtain high 
quality STM images. After mild annealing at 80 Ԩ, individual DBDBT 
molecules can be readily imaged by STM and appear as bright protrusions on 
the surface of MoSx (Fig. 4.1 and 4.2a, b). Because our STM images are taken 
at room temperature, rotational/vibrational thermal motions of molecules are 
not quenched. Therefore it is likely that individual DBDBT molecules undergo 
fast rotation/vibration when adsorbed on basal plane Mo-rich sites, thus appear 
as isotropic bright protrusions rather than anisotropic shapes when the 
molecules are in stationary state. The size of an individual protrusion is about 
 138 |  
 
8.05 Հ, comparable to the van der Waals length (Br to Br distance within the 
molecule) of the molecule at 8 Հ (see Fig. 4.1b). We can infer that molecule 
adsorbs on Mo-rich site via Mo-S coordination, but detailed adsorption 
configuration cannot be captured using STM due to the thermal motion of the 
molecules. Cryogenic STM studies performed at liquid nitrogen or liquid 





Figure 4.1 | (a) Magnified STM image of individual intact DBDBT molecule 
adsorbed on MoSx. (b) STM height profile of a line marked in a, showing 
diameter of the protrusion about 8.05 Հ 
 
In contrast, the surfaces of MoS2 and Cu-S remain free of molecules, 
probably because the two surfaces are coordinatively saturated. Using the S 
vacancy site as a surface marker, the MoSx surface sites can be identified as 
either Mo-rich sites or S-rich sites (marked by red and blue dots respectively 
in Fig. 4.2c). We observed that bright protrusions corresponding to DBDBT 
molecules coincide with where the Mo-rich sites were. This is expected as the 
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Mo-rich sites are likely to contribute unoccupied states near the Fermi level, 
which may be occupied by the lone pair electrons from the sulfur atoms in 
DBDBT molecules. In two STM images recorded consecutively at the same 
area (Fig. 4.2a-b), molecules were found to migrate to different Mo-rich sites, 
suggesting a relatively weak inter-action (i.e. Molybdenum-sulfur 
coordination) between DBDBT and the Mo-rich sites. In the high surface 
coverage regime, DBDBT molecules form a four-fold symmetric adlayer on 
the surface of MoSx, with a similar appearance to the hydrogen adlayer (Fig. 
4.2d-f). The dark spots in the molecular film correspond to surface sites on 
MoSx that are not occupied by DBDBT. In STM images taken with temporal 
resolution, it is observed that the dark spots in the adlayer constantly migrate 
(Fig. 4.2d-f), which can be explained by the constant migration of molecules 
to their adjacent unoccupied surface sites. We have performed the adsorption 
studies on both defect-rich MoSx islands and defect-free ones, but no 
observable difference was observed, suggesting the presence of 
sulfur-vacancies do not affect much of the reactivity of surface Mo-rich sites.  
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Figure 4.2 | DBDBT adsorption on MoSx (a-b) STM images recorded 
consecutively at 0 s and 240 s, of one MoSx island partially covered by 
DBDBT molecules. Each bright protrusion corresponds to one DBDBT 
molecule. The hollow circles mark two representative surface sites where 
adsorbed molecules diffused away. Scale bar, 4nm. (c) Magnified STM image 
of the area marked in a, where DBDBT molecules adsorb exclusively on the 
Mo-rich sites. (Mo-rich sites in red dots, S-rich sites in blue dots, defect sites 
in hollow triangles) Scale bar, 8 Å. (d-f), STM images of one MoSx island 
with near-full coverage of DBDBT molecules recorded consecutively at 0 s, 
240 s, 480 s. The dark spots correspond to surface sites on MoSx that are not 
occupied by DBDBT molecules. The dark spots constantly change in position 
due to the constant migration of DBDBT molecules in the adlayer.  
 141 |  
 
 
Figure 4.3 | DBDBT oligomerization on MoSx in the low surface coverage 
regime. (a) STM image of MoSx islands adsorbed with DBDBT oligomers. 
Scale bar, 10 nm. (b) Neighboring DBDBT monomers can only adopt two 
possible conformations, that is the cis- or trans- conformations. (c) Structural 
models of DBDBT trimers and tetramers based on the combination of local 
cis- and trans- conformations, with the distance between neighboring sulfur 
atoms being 1.1 nm, and the angles labeled in the figure. (d) Magnified STM 
image of DBDBT oligomers on the surface of MoSx. Surface molecular 
species ranging from monomer to tetramer, as well as the non-bonding regime 
between adjacent molecular species, are marked accordingly. Mo-rich sites are 
marked by red dots and S-rich sites are marked by blue dots. (e) XPS spectrum 
of as-deposited DBDBT molecules on MoSx gives rise to Br 3p core level 
peaks; after annealing the sample at 200 ℃ for 1 h, no signal of the Br 3p 
peaks can be observed, indicating the successful cleavage of C-Br bonds and 
desorption of Br atoms.  
 
Oligomerization was induced by annealing the as-deposited molecules at 
200 Ԩ, thereafter short-chain oligomers were formed exclusively on the 
surface of MoSx, whereas the MoS2 and Cu-S surfaces remain unreacted with 
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the molecules (Fig. 4.3a). It is noteworthy that typical reaction temperatures 
for Ullmann coupling on catalytic metal substrates are around 200 Ԩ10,12,16. 
This is strong evidence that basal planes of MoSx are catalytically active. The 
oligomer conformation arises from various linear combinations of local cis- or 
trans- conformations between two neighboring monomer residues, where the 
cis- conformation refers to the sulfur atoms located on the same side of the 
aromatic-backbone and the trans- conformation refers to the sulfur atoms on 
the opposite side (Fig. 4.3b). Oligomerization product in the simplest form, i.e. 
the dimer, has only two possible conformations. As the number of monomer 
units increases, the possibility of oligomer conformations increases 
exponentially. Structural models of some simple trimers and tetramers were 
given in Fig. 4.3c. Calculations show that in all conformations, the S-S 
distance of two neighboring units is around 1.1nm, whereas the S-S angles 
vary considerably. The local cis- conformation gives a S-S angle of 72.3° and 
the local trans- conformation gives a S-S angle of 75.5°. However, if cyclic 
oligomers were formed, a large deviation in the S-S angle should be expected 
due to the rigidity of the enclosed aromatic backbone. Fig. 4.3d shows various 
forms of molecular species ranging from monomer to tetramer. The 
occurrence of covalent bonding can be unambiguously discerned by the bright 
features between adjacent monomer units, which reflect enhanced density of 
states originated from the overlapped C sp2 orbitals. In contrast, there is an 
obvious gap between adjacent molecular species (no bonding site marked in 
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Fig. 4.3d), indicating the absence of shared orbitals. The occurrence of 
reaction is also supported by the disappearance of the Br 3p peaks in the XPS 
spectra taken with samples containing oligomers (Fig. 4.3e).  
 
 
Figure 4.4 | Templated formation of DBDBT cyclic tetramers on MoSx a, 
STM image of one MoSx island with a high coverage of DBDBT oligomers. 
Scale bar, 8 nm. b, Magnified STM image of the area marked in a, the 
structural model of cyclic tetramer is superimposed on the image. Scale bar, 
1.6 nm. (Mo-rich sites in red dots, S-rich sites in blue dots) c, STM image of 
DBDBT oligomers formed on Cu(111) with disordered shapes and orientations. 
Scale bar, 8 nm. d, Schematic illustration of the possible reaction mechanism, 
where the debromination of pre-assembled DBDBT molecules leads to 
selective formation of cyclic tetramers. e, Statistics of cyclic tetramers formed 
on Cu(111) and MoSx.
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In the high surface coverage regime of DBDBT molecules on MoSx, it is 
observed that the oligomers formed tend to be cyclic tetramers (see Fig. 4.4a, 
b). This could be explained by the local connection of preassembled DBDBT 
radicals on the Mo-rich sites which have an intrinsic 4-fold symmetry. A 
successful template-directed assembly allows the preassembled structures 
formed by reactants to be inherited by the polymerization products. For 
example, Lin et al. used Cu-pyridyl coordination to preassemble reactants into 
linear chains, which serves as a template for subsequent Ullmann coupling to 
occur in a line-by-line fashion10. Herein, at high coverage regime, DBDBT 
molecules are preassembled into a 1.05	nm ൈ 1.05	nm square array on the 
surface Mo-rich sites via Mo-S coordination. Upon thermal activation, these 
molecules couple readily to form cyclic tetramers (Fig. 4.4d), where the S-S 
distance of two neighboring units is 1.1 nm and the internal angle of the 
enclosed cycle is 89.2°, which matches the square-lattice of the MoSx surface. 
Indeed, the aromatic backbones of cyclic tetramers are found to align with the 
surface Mo-rich sites (Fig. 4.4b). Control experiment for the polymerization of 
DBDBT molecules on Cu(111), which is a well-known metal catalyst for 
Ullmann coupling, produces randomly arranged oligomers with 
inhomogeneous shapes (Fig. 4.4c). The product distribution is obtained by 
counting the number of molecular species in the STM images acquired at 
different areas (see Fig. 4.5), where more than 300 oligomers were counted on 
MoSx and Cu(111) respectively, which reveals a 50.3% selectivity for cyclic 
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tetramers among all oligomers on MoSx, a five-fold increase compared to the 
9.7% selectivity on Cu(111) (Fig. 4.4e).  
 
 
Figure 4.5 | DBDBT oligomers formed on MoSx islands, with a high 
selectivity for cyclic tetramers 
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4.3.2 Hydrogen passivation of MoSx  
Due to its catalytically active basal plane, MoSx presents a highly reactive 
surface which will likely react with oxygen and be deactivated when exposed 
to ambient conditions. However, like most hydrogenation catalysts, the 
presence of a reducing environment may dynamically regenerate the active 
surface sites. Interestingly, we observed here that hydrogen molecules can 
dissociatively adsorb on the MoSx basal plane, passivating it from oxidation, 
and the catalytic sites can be re-activated dynamically following hydrogen 
desorption, which has implications for its practical application in 
hydrogen-transfer reactions.  
 
 
Figure 4.6 | Fuzzy hydrogen adsorption pattern at room temperature
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STM revealed that room temperature adsorption of H2 results in a 
fuzzy-looking film on MoSx islands (Fig. 4.6). The fuzzy feature that cannot 
be resolved by STM was interpreted as physisorbed or weakly chemisorbed 
hydrogen molecules on MoSx surface, which are highly diffusive. Other than 
the fuzzy looking feature, bright spots with four-fold symmetry and 1 nm 
periodicity can be observed, which is interpreted as strongly chemisorbed 
hydrogen atoms. It is well-known that compounds such as Mo(100)17 and 
molybdenum carbide18 are very reactive towards hydrogen chemisorption, 
partly due to the incomplete filling of the Mo d-orbitals19.  
 
 
Figure 4.7 | First-principle calculation of adsorption of H atom on the 
Mo18S18 surface a-b, The side view (a) and top view (b) for the most stable 
adsorption configuration of H atom on the Mo18S18 surface. c, Simulated STM 
image of hydrogenated Mo18S18. 
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Although the exact structure of MoSx cannot be pinpointed at this stage, 
to obtain a better understanding of hydrogen adsorption phenomenon on 
substoichiometric molybdenum sulfide surface, we performed density 
functional theory (DFT) studies of hydrogen adsorption on the Mo18S18 model. 
For the adsorption configuration of H atom on the Mo18S18 surface, we 
consider all potential high symmetric adsorption sites: top site, bridge site, and 
hollow site, and find that the most stable adsorption position is the H atom on 
top of the surface Mo atom (Fig. 4.7a-b). After relaxation, the minimum 
distance between H atom and surface Mo atom is about 1.74 Հ, which is close 
to that of H atom on the transition metal surface such as H atom on Ni(111)20, 
indicating the high chemical reactivity of the surface Mo sites. The adsorption 
strength can be identified by the related adsorption energy which is defined 
below:  
Ea= E(H+Mo18S18)- E(Mo18S18)-1/2 E(H2) 
where E(H+Mo18S18), E(Mo18S18), and E(H2) are the total energy of H 
adsorbed on the Mo18S18 surface, the Mo18S18 surface, and H2 molecule, 
respectively21. The calculated adsorption energy for the H atom on the surface 
Mo atom is about -0.28 eV, where a negative value corresponds to an 
exothermic process. The magnitude is much larger than that of physical 
adsorption (from -0.01 to -0.1 eV), which further confirms that the adsorption 
is not weak. We also note that the adsorption of H atom on surface S sites is 
energetically unfavorable as its adsorption energy is about +0.14 eV, 
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suggesting that the surface S sites are chemically inert.  
 
 
Figure 4.8 | Hydrogen passivation of MoSx a, STM image of hydrogen 
adlayer on MoSx formed at 80 Ԩ. Scale bar, 12 nm. b, Magnified STM image 
of the area marked in a, where the bright spots with four-fold symmetry and 
~1 nm periodicity are patterns observed after hydrogen adsorption. Scale bar, 
6 nm. c, STM image of one hydrogen passivated MoSx island after oxygen 
exposure. Scale bar, 10 nm. d, STM image of one MoSx island regenerated 
after the hydrogen adsorption-oxygen exposure-hydrogen desorption cycle. 
Scale bar, 10 nm. e, XPS spectra of MoSx (spectrum ii-iv), recorded 
sequentially in one hydrogen adsorption-oxygen exposure-hydrogen 
desorption cycle; there is no observable shift in the Mo binding energies. In 
contrast, XPS spectrum of pristine MoSx exposed to oxygen (spectrum i) 
reveals an additional set of Mo 3d peaks at higher binding energies, which is 
assignable to molybdenum oxysulfide22. 
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Intriguingly, after annealing the sample at 80 Ԩ, the fuzzy feature 
disappeared and only the bright spots associated with strongly chemisorbed 
hydrogen atoms were imaged by STM (Fig. 4.8a, b). A complete hydrogen 
adsorption adlayer can be formed after long time exposure to hydrogen at 80Ԩ, 
which may passivate the highly reactive MoSx surface. To test this hypothesis, 
we first studied the chemical stability of MoSx using XPS, which showed that 
unpassivated MoSx sample was rapidly oxidized after oxygen exposure 
(1x10-6 mbar for 1 hour). This can be judged by the appearance of the high 
binding energy Mo 3d5/2 peak at 230.2 eV (spectrum i in Fig. 4.8e), which is 
assignable to molybdenum oxysulfide22. XPS spectrum of the Cu 2p core level 
peaks show no detectable changes (Fig. 4.9), suggesting the substrate Cu is 
fully covered by the S capping layer at room temperature, and Cu atoms in 
MoSx, if any, are not exposed to its surface. STM image of an 
oxygen-corroded MoSx island was given in Fig. 4.10. The hydrogen adsorbed 
MoSx sample was also studied by XPS. Unlike oxidation-induced change, 
there are no detectable chemical shifts in Mo 3d or S 2p core level peaks upon 
hydrogenation, suggesting that charge transfer between adsorbed hydrogen 
and the active site, if any, is weak (spectrum ii in Fig. 4.8e). To verify whether 
hydrogen adsorption can passivate the sample from oxidation, the 
hydrogen-treated sample was exposed to O2 (1x 10ି଺  mbar) at room 
temperature for 1 h. Following, no observable changes in the Mo 3d or S 2p 
core level peaks were observed (spectrum iii in Fig. 4.8e), suggesting that the 
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basal plane of MoSx was protected by the hydrogen adlayer. The clean MoSx 
sample can be re-generated after annealing it at 200 Ԩ, as judged from the 
regeneration of XPS spectra similar to that of the pristine sample (spectrum iv 
in Fig. 4.8e). STM images of MoSx islands reveal that there is no significant 
corrosion throughout the hydrogen adsorption-oxygen exposure-hydrogen 
desorption cycles (Fig. 4.8a-d). These results indicate MoSx may be 
catalytically active under reducing hydrogen atmosphere and can act as a 
hydrogen-transfer catalyst to reactant. 
 
 
Figure 4.9 | XPS spectra of Cu 2p core level peak of samples containing 
MoSx No detectable changes in the core level peaks indicates that Cu is not 
oxidized upon exposure to oxygen. The XPS spectrum before oxygen 
exposure is characteristic to surface sulfurized Cu sample, where a weak Cu 
satellite peak is observed due to the presence of sulfur capping layers. Usually 
oxidized Cu will give rise to chemically shifted Cu 2p peaks and enhanced Cu 
satellite peaks, both of which are absent in the spectrum taken after oxygen 
exposure.  
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Figure 4.10 | STM image of unpassivated MoSx island after oxygen 
exposure a, STM image of one oxygen corroded MoSx island. Irregular 
clusters due possibly to amorphous molybdenum oxysulfide were observed. b, 
Magnified STM image of the area marked in a, showing the MoSx basal plane 
with a high surface roughness.  
 
4.4 Conclusions  
MoSx contains Mo-rich surface sites on its basal plane which are catalytically 
active. Ullmann coupling of DBDBT molecules, catalyzed by the basal planes 
of MoSx, was observed by STM; its four-fold symmetric surface sites direct 
the C-C coupling of DBDBT to form cyclic tetramers with high selectivity. 
Therefore, the square-lattice MoSx can be potentially used for the 2D 
polymerization of molecular building blocks with four orthogonal linkers. 
Furthermore, due to its ability to undergo dynamic dissociative adsorption and 
desorption with hydrogen molecules, MoSx may be applied in 
hydrogen-transfer catalysis, e.g., hydrogenation or dehydrogenation reactions. 
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CHAPTER 5 Surface-templated Growth of 




Two-dimensional molybdenum disulfides (2D MoS2) have received much 
research interest due to its great potential for electronic applications. One great 
ambition is to introduce the spin degree of freedom to MoS2-based devices, 
which can be used to store, readout and manipulate information. MoS2 
nanoribbons with zigzag edges were predicted to contain spin-polarized edge 
states, which could be potentially used in spintronic applications. Herein, 
using vicinal Au substrates as one-dimensional (1D) templates, MoS2 ribbons 
with uniform width were synthesized. The formation of wires or ribbons was 
found to be kinetically controlled, as opposed to the thermodynamically 
favorable MoS2 islands. Atomic structure of the MoS2 ribbon and its zigzag 
edges were unambiguously determined by in situ STM. Tunneling spectra of 
the wires and ribbons give rise to electronic states above and below the Fermi 
level, which could be explained by the theoretically predicted spin-polarized 
edge states of zigzag MoS2 ribbons. 
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5.1 Introduction  
Since the discovery of graphene, the first ever two-dimensional (2D) 
material consisting of sp2 bonded carbon atoms, intensive efforts have been 
devoted to the research of 2D materials, with the ultimate goal of building 
transparent, flexible and miniaturized devices that outperform their 
silicon-based counterparts. Significant progress has been made recently in the 
discovery of various functional 2D materials for device fabrication, including 
metallic graphene, semiconducting transition metal chalcogenides (TMDs), 
black phosphorus (BP) and insulating hexagonal boron nitride (h-BN). One 
great ambition envisaged by researchers was to introduce additional quantum 
degrees of freedom into the electronic devices made with 2D materials, such 
as the spin or valley degrees of freedom, which can be used to store, 
manipulate or readout bits of information. Theoretical studies predicted that 
one-dimensional (1D) graphene nanoribbons with zig-zag edge termination 
contain spin-polarized edge states (ferromagnetic along the edge and 
anti-ferromagnetic across the ribbon), due to the strong electron correlation 
effect in nano-confined systems. However, the small spin-orbit coupling (SOC) 
in graphene renders the spin effect negligibly small, which means the 
magnetic ordering can only be observed in ultra-narrow graphene ribbons at 
low temperatures (below 10 K). Recently, spin-polarized edge states were 
predicted to exist in monolayer molybdenum disulfide (MoS2) nanoribbons 
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with zigzag edges, and MoS2 is well-known to have a strong SOC originated 
from the Mo d-orbitals. This suggests the great potential of MoS2 nanoribbons 
to be used in spintronic applications. While micro-size MoS2 ribbons have 
been prepared from MoO2, the poor crystallinity, large size and irregular edge 
structures make them unsuitable for spintronic applications. Therefore a facile 
method to prepare nanoscale MoS2 ribbons with atomically sharp zig-zag edge 
is urgently needed to facilitate future researches in this field.  
Herein, a bottom-up, substrate-directed approach was applied to grow 
MoS2 ribbons on Au surfaces. By precise control of the growth temperature 
and H2S chemical potential, MoS2 thin nanowires and thick nanoribbons with 
different widths and morphologies were selectively synthesized along the step 
edges of Au. The vicinal Au steps, which contain coordinated unsaturated 
surface sites1, would enable the preferential nucleation and growth of 
molybdenum sulfide along this 1D scaffold. Comparing the growth on Au(788) 
with (111)-type steps and Au(755) with (100)-type steps, it was found that 
Au(788) better templates the growth of the MoS2 ribbons due to the moderate 
reactivity of its step edges. Intriguingly, the smallest MoS2 ribbon was 
identified and clearly resolved by our atomic-resolution scanning tunneling 
microscopy (STM), which has a sub-nanometer width (three atomic chains of 
Mo atoms) and atomically sharp zig-zag edges. Scanning tunneling 
spectroscopy was used to study the electronic properties of the MoS2 wires 
and ribbons, where electronic states were clearly observed above and below 
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Fermi level, which we interpreted as spin-polarized edge states with 
anti-ferromagnetic (AFM) coupling.  
 
5.2 Results and Discussion 
5.2.1 Growth of MoS2 wires and ribbons on vicinal Au substrates  
The vicinal Au substrates, prepared by cutting the Au(111) substrates 
along an acute angle, contains a number of (111) facets separated by step 
edges. Atoms at the step edges are often undercoordinated compared to the 
atoms in the close-packed (111) surface, which interact more strongly with 
adsorbates on surface. Therefore step edges of the vicinal substrates are often 
nucleation sites for on-surface reactions. Indeed, the formation of several 1D 
nanostructures, such as polymeric wires2, graphene ribbons3 and inorganic 
nanowires4, has been templated by vicinal substrates. Inspired by the unique 
templating behavior of vicinal substrates, we deposited sub-monolayer Mo 
atoms onto vicinal Au substrates via an electron-beam evaporator, and 
subsequently annealed the sample in H2S (1x10-6 mbar) at elevated 
temperatures.  
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Figure 5.1 | Schematic illustration of the Au single crystal with (111) and 
(100)-type step edges Reproduced with permission from reference 1, 
copyright IOP Science 
 
To choose the best template, Au(788) containing (111)-type step edges 
and Au(755) containing (100)-type step edges were tested. As shown in Fig. 
5.1, the (111) steps contain only three-fold coordination sites, whereas the 
(100) steps contain four-fold coordination sites. These vicinal Au surfaces 
were obtained by ex-situ cutting of Au(111) surfaces along certain azimuth 
angles (3.5° for 788 and 11.4° for 755). Subsequently the samples were 
introduced into the UHV chamber and cleaned by repeated cycles of Ar ion 
sputtering (Ar pressure: 1x10-5 mbar, energy: 1 keV) and thermal annealing 
(800 K, 10 min). The clean Au(788) samples would contain (111) terraces 
separated by (111) micro-faceted steps, with an average terrace width of about 
3.8 nm (see Fig. 5.2a). The clean Au(755) samples would contain (111) 
terraces separated by (100) micro-faceted steps with an average terrace width 
of about 1.2 nm (see Fig. 5.2b).  
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Figure 5.2 | STM images of the Au(788) and Au(755) surfaces. (a) STM 
image of a clean Au(788) surface with an average terrace width of 3.8 nm. (b) 
STM image of a clean Au(755) surface with an average terrace width of 1.2 
nm.  
 
At a low annealing temperature of 150 Ԩ, it was found that the Au(788) 
substrate successfully templates the growth of smooth wire-like features, 
whereas the Au(755) substrate gives rise to mostly dot-like features with small 
portion of wires (Fig. 5.3). Control experiments were performed by annealing 
clean substrates in H2S, which gives rise to dot-like features for the Au(755) 
substrate, assignable to sulfur atoms that bind strongly to the (100) steps. Our 
experiments indicate that sulfur adsorption along the step edges may inhibit 
wire formation. Therefore, vicinal Au substrates with (111) steps, which have 
moderate reactivity, would be more desirable to template the growth of 1D 
Mo-S nanostructures.   
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Figure 5.3 | Effect of step edges on the templated growth of Mo-S 
nanostructures (a) Smooth wire-like features on Au(788), observed after 
annealing sub-monolayer Mo atoms in H2S at 150 Ԩ. (b) Mostly dot-like 
features and some wire-like features on Au(755), observed after annealing 
sub-monolayer Mo atoms in H2S at 150 Ԩ. The dot-like features look similar 
to sulfur atoms adsorbed on the Au(755) step edges, prepared by directly 
annealing the clean substrate in H2S.  
 
If we elevate the annealing temperature slightly, from 150 Ԩ to 200 Ԩ, 
most of the wire-like features disappear, and ribbons like morphology was 
imaged by STM, characterized by increased width and thickness (Fig. 5.4d). 
Measuring the exact width and thickness on vicinal substrates are difficult due 
to the tilted surface plane. Derivative treatment of each raster line in the 
topographic image, which determines the rate of change, would be useful to 
improve the contrast of wires or ribbons with substrate (Fig. 5.4b, e). Taking 
profile along the derivative images reveals two features: firstly, the width of 
wires or ribbons formed is extremely uniform; secondly, the ribbons have a 
width of around 10 Հ, which is slightly larger than the 7 Հ width of wires. 
However, the small size and strong electronic effect originated from quantum 
 163 |  
 
confinement renders it difficult to image the structure of wires or ribbons with 
atomic resolution. Upon close examination of the STM morphologies, we 
found that the ribbon-like structures prepared at 200 Ԩ are often connected 
with triangular islands. Similar triangular islands have been prepared on 
Au(111), which are assigned as MoS2 islands5. Given the fact that these 
triangular islands are seamlessly connected to the ribbons and they have 
similar heights, we propose that the ribbons are likely to have the MoS2 
structure (Fig. 5.4d; Fig. 5.5a), which will be discussed in later sections.  




Figure 5.4 | Temperature selective growth of MoS2 wires and ribbons on 
Au(788) (a-b) STM topography and corresponding derivative image of Mo-S 
wires prepared at 150 Ԩ. (c) The width of wire was measured to be ~7 Հ, in 
the derivative image where wires have better contrast with the substrate. (d-e) 
STM topography and corresponding derivative image of Mo-S ribbons 
prepared at 200 Ԩ. (f) The width of ribbon was measured to be ~10 Հ in the 
derivative image.  
 
To understand why ribbon-like structures are predominantly formed at 
200 Ԩ, we performed control experiments by varying the growth temperature 
and time. Firstly, for the same amount of Mo atoms deposited on Au(788), a 
higher annealing temperature of 300 Ԩ  was employed. The resulting 
morphology shows predominantly islands (Fig. 5.5b). As the increased 
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annealing temperature is often associated with faster diffusion rate on surface, 
the formation of islands can be understood as a result of fast incorporation of 
atoms onto the MoS2 nucleus from the terrace (e.g. growth in all direction), as 
opposed to the 1D, preferential growth along the step edge at low annealing 
temperatures. The preferential growth may originate from the increased Mo 
concentration or reduced diffusion barrier at Au step edges. Next, the effect of 
growth time was assessed. It was found that a short growth time such as 1 h 
would lead to short segments of ribbons, which is expected as the reaction was 
quenched in a premature stage (Fig. 5.5c). At the optimum annealing time of 3 
h, most of the short ribbons transform into longer ones while remaining a 
uniform width of 1 nm, as can be seen from the increased aspect ratio in Fig. 
5.6a, b.  
However, after prolonged annealing, it was observed that most of the 
width uniform, short segment ribbons disappeared, and wider, more irregular 
MoS2 ribbons were formed instead (Fig. 5.5d). The width and aspect ratio 
distribution of the irregular ribbons can be found in Fig. 5.6c, d. This suggests 
that short segment ribbons undergo dynamic growth and decomposition at 200 
Ԩ. The decomposed short segment ribbons may serve as Mo/S sources for the 
growth of wider MoS2 ribbons, which are more thermodynamically stable. 
This process is analogous to the Ostwald ripening process in the 
solution-preparation of inorganic crystals6.  
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Figure 5.5 | Probing the ribbon growth mechanism by controlling 
annealing time and temperature (a) MoS2 ribbons prepared at the optimum 
condition, by annealing as-deposited Mo atoms at 200 Ԩ  for 3 h. (b) 
Annealing as-deposited Mo atoms at 300 Ԩ for 3 h would give rise to 
triangular or truncated triangular MoS2 islands, suggesting there is a narrow 
temperature window between 150-300 Ԩ for the selective growth of wires 
and ribbons. (c) Annealing Mo atoms in H2S for a shorter time gives rise to 
short segments of MoS2 ribbons. Mo atoms are likely to be alloyed with the 
Au surface atoms, which, upon further reaction, would contribute to the 
elongation of the short ribbons. (d) Annealing Mo atoms in H2S for 12 h, 
which shows the disappearance of width-uniform ribbons and the formation of 
longer, wider and less uniform MoS2 ribbons. 
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Figure 5.6 | Quantifying ribbon dimensions (a) Histogram of the aspect ratio 
distribution of MoS2 ribbons prepared at 200 Ԩ, 1 h. (b) Histogram of the 
aspect ratio distribution of MoS2 ribbons prepared at 200 Ԩ, 3 h. Ribbons in a, 
b have a uniform width of about 1 nm. (c) Histogram of the width distribution 
of MoS2 ribbons prepared at 200 Ԩ, 12 h. (d) Histogram of the aspect ratio 
distribution of MoS2 ribbons prepared at 200 Ԩ, 12 h.  
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5.2.2 Atomic structure of MoS2 ribbons determined by STM 
Due to the strong electronic effect in STM imaging, possibly originated 
from the quantum confinement effect and coupling to the metallic substrate, 
atomic structure of the ribbon cannot be well-resolved. However, the edge 
states of the ribbon can be clearly imaged as in-plane, bright protrusions 
(P1-P7 in Fig. 5.7a). The periodicity of these protrusions was measured to be 
~6.3 Հ, which is twice the lattice constant of MoS2. On the other hand, the 
ribbon is connected to a triangular MoS2 island, of which the edge atoms can 
also be clearly resolved. The periodicity of edge protrusions from the island 
was measured as ~3.1 Հ, which matches well with the MoS2 lattice constant. 
The double period pattern was observed by STM before, in nano-confined 
MoS2 clusters, which was interpreted as dimerization of the coordinatively 
unsaturated disulfide units at the Mo-terminated edge of MoS27. Given the 
small size of our ribbons, which is similar to the nanoclusters, it is highly 
likely the same dimerization process may occur at the Mo-terminated edge of 
the ribbon. Based on this assumption, the atomic structure of the ribbon 
connected to an island was proposed (Fig. 5.7b), where undercoordinated 
disulfide units from the ribbon were dimerized and disulfide units from the 
island remain intact. The proposed structure has four intact disulfide units 
from each of the two island edges that are connected to the ribbon, which 
matches well with the four protrusions imaged by STM. For the island edge 
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that is not connected to the ribbon, six protrusions were imaged. By counting 
the difference in edge protrusions from the island, we determined that the 
ribbon contains three atomic rows of Mo atoms and four atomic rows of 
disulfide units. The disulfide units belonging to the sulfur-edge (right side of 
the ribbon) are coordinatively saturated hence remained smooth and 
featureless in the STM image. The disulfide units belonging to the Mo-edge 
(left side of the ribbon) are coordinatively unsaturated and dimerized, giving 
rise to the double period pattern as shown in Fig. 5.7a. Theoretical width of 
the proposed ribbon structure is 9 Հ, which matches well with the measured 
width of 10 Հ.  
 
 
Figure 5.7 | Structure of ribbon determined from edge structures of fused 
ribbon-island domains (a) STM image of a fused ribbon-island domain 
where the edge protrusions are clearly resolved. (b) Proposed structure of the 
ribbon-island domain. The Mo-edge of MoS2 ribbon has a double period 
pattern corresponding to paired S2 dimers (P1 – P7 indicated in STM image). 
The Mo-edge of the triangular island exhibits single period pattern due to 
unpaired S2 dimers. By counting the number of individual S2 dimers of the 
island, the width of this ribbon can be determined, which contains three chains 
of Mo atoms. 
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5.2.3 Electronic structure of MoS2 wires and ribbons studied by STS 
The electronic property of wires and ribbons were probed by tunneling 
spectroscopy, which reflects the local density of states (LDOS) of the sample. 
It was found that the tunneling spectra for wires and ribbons look similar, 
which give rise to three peaks with slightly shifted positions (Fig. 5.8c). The 
tip condition was calibrated against Au(111) surface, where the well-known 
Au surface state at 0.2 eV can be reproduced (Fig. 5.8d). This suggests that 
ribbons and wires could be structurally similar, e.g. both have the MoS2 
structure. The peaks near -1 V and +0.8 V can be assigned as the valence band 
edge and conduction band edge respectively, as previous STS measurement on 
MoS2 islands reveals similar peaks8. An additional peak emerges at -0.6 V, 
close to the valence band edge, which could be attributed to states originated 
from the 1D zigzag edges. In zigzag ribbons of graphene, it is well-known that 
spin states along the same edge are aligned in the same direction 
(ferromagnetic coupling), while across the ribbon, states are aligned in 
opposite directions (anti-ferromagnetic coupling). A small gap of ~30 meV 
was observed for zigzag graphene ribbons due to the antiferromagnetic 
coupling9. Similarly, zigzag MoS2 ribbons are reported to have a similar 
antiferromagnetic coupling of states across the ribbon in the ground state10. 
Although here we couldn’t resolve clearly the gapped edge states, the robust 
method for the synthesis of MoS2 ribbons could be readily applied in other 
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experimental systems, which could have sufficient resolution to capture this 
magnetically coupled, gapped edge states.  
 
 
Figure 5.8 | STS comparing electronic properties of thin wire, thick 
ribbon and bare Au (a) STM image of a sample containing both thick 
ribbons and thin wires. (b) Magnified view of an area with one thick ribbon 
and one thin wire. (c) Tunneling spectra of the thick ribbon (in red) and thin 
wire (in blue), both give rise to three peaks near Fermi level, two peaks (-1 V 
and -0.6 V) below Fermi, and one peak at +0.8V above Fermi. (d) Tunneling 
spectrum of the Au surface, where the Au surface state at around +0.2 V was 
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5.3 Conclusions  
1D MoS2 nanowires and nanoribbons were synthesized on vicinal Au 
substrates, which contain high density step edges as 1D templates. In general, 
(111) step edges with a moderate reactivity act as better templates as the 
competing process of sulfur adsorption could be suppressed. The growth 
process was kinetically controlled with the optimum growth temperature of 
150 Ԩ  for wires and 200 Ԩ  for ribbons. Although atomic resolution 
imaging of the wires and ribbons cannot be obtained due to limitation in our 
experimental techniques, the similar electronic properties of the two suggest 
they are structurally similar. Based on the double period edge protrusions and 
the fused ribbon-island junction, the structure of the ribbons was proposed to 
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CHAPTER 6 Conclusions and Future Outlook 
 
The properties of 2D materials, including graphene, TMDs and others, 
depend sensitively on extrinsic factors (i.e. substrates, adsorbents, gating) and 
intrinsic factors (i.e. strained structures, grain boundaries, defects, edge states).  
The bright future of various applications based on 2D materials, such as 
flexible electronics or nano-catalysis, depends on good understanding and 
control of both extrinsic and intrinsic factors that may affect properties of the 
materials. In this thesis, structural imperfections intrinsic to the 2D materials 
have been explored mainly by STM, and it is demonstrated that there is beauty, 
elegance and value within imperfections. The work described in chapter 3 
focuses on grain boundaries in graphene, where we found that thermal 
annealing could partially relax the notorious aperiodic grain boundaries into 
periodic ones, which can improve electronic transport in polycrystalline 
graphene. In chapter 4 and 5, we proposed a novel approach of synthesizing 
substoichiometric type 2D TMDs on chalcogen-enriched substrates, which, 
compared to the stoichiometric compounds, would contain a much higher 
density of reactive surface sites. One such example was the MoSx prepared on 
Cu, which exhibits a complex but highly ordered structure. Novel catalytic 
properties have been demonstrated such as room temperature activation of 
relatively inert molecular hydrogen. This novel artificial material reported here 
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suggests the immense possibility of making new discoveries in the big family 
of 2D materials via the previously less-explored stoichiometry engineering. 
Moving to chapter 6, we demonstrate the possibility of making structurally 
uniform MoS2 nanoribbons using vicinal Au substrates and measured their 
local density of states using tunneling spectroscopy.  
The results reported in this thesis constitute the tip of the iceberg in terms 
of structural imperfections in 2D materials. The most urgent and daunting task 
would be finding suitable methods to characterize such structures, as they are 
often structurally complex and nano-sized. Although STM is able to probe 
local structures with atomic precision, the information is often convoluted 
with electronic contributions or substrate effects. Another shortcoming of 
STM is the lack of chemical or elemental resolution. One possible 
characterization technique complimentary to STM would be near edge X-ray 
absorption fine structure (NEXAFS), which allows the determination of the 
identity and chemical environment (charge state, coordination number etc.) of 
elements in 2D thin films. Another useful characterization method is 
high-resolution TEM, which can unambiguously determine the atomic 
structure of materials without electronic or substrate effects. However, the 
non-destructive transfer of 2D thin film samples onto TEM grids remain a 
challenging task for researchers. Second area of exploration would be the 
engineering of structural imperfections in a controllable manner. Both kinetic 
control (vicinal Au substrates) and thermodynamic control (periodic grain 
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boundaries and chalcogen-enriched substrate to stabilize MoSx) have been 
demonstrated in this thesis, however more creative methods based on 
lithographically patterned substrate could be proposed. Third area of 
exploration is how to integrate these nanoscale structures with macroscopic 
devices. Transfer process has to be developed to transfer the nanowires on 
arbitrary substrates. For example, MoS2 nanowires can be prepared on Au 
films grown on mica, where polymer film (PMMA or PDMS) can be 
spin-coated on top. Following the etching of Au thin film, the nanowires 
encapsulated by polymer film can be transferred onto arbitrary substrates. The 
protection polymer layer can be dissolved by organic solvents, and electrodes 
can be patterned on nanowires for device applications.  
Grain boundaries can be used in a new kind of nonvolatile memory based 
on memristors, affording circuit elements that are much smaller than the 
transistors used in flash memory. To make a high density of GBs for GB-based 
memristor devices, the CVD growth of polycrystalline MoS2 with many 
misoriented domains provides the needed material. The visualization of GB is 
non-trivial due to its small size. The domain orientations can be quickly 
mapped by non-destructive optical methods such as second harmonic 
generation (SHG) microscopy. Following the mapping of polycrystalline 
domains, lithography methods can be applied to selectively etch the MoS2 
films, leaving small, single crystalline domains with certain orientation as the 
seeds. Finally, a slow CVD growth process is applied to enlarge the seeds 
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while preserving its crystalline orientation. Upon merging of the growing 
seeds, GBs with designed geometry can be obtained, leading to 
high-throughput fabrication of specific GBs for the fabrication of GB-based 
memristor devices.  
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